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Biopiezoelectricity can be defined as the conversion from external 
mechanical force to induced biological electric pulse, and vice versa, the 
conversion from external electric field to induced tissue deformation. Nearly 
all biosystems exhibit biopiezoelectricity. This property may contribute to 
mechanical, biological and physiological behaviors of biomaterials in a way of 
intrinsic sensing and actuating mechanisms. Information of the functionalities 
and working mechanisms of biopiezoelectricity in living organisms are still 
scarce, especially at the nanoscale. Accompanied with biopiezoelectricity, 
some biomaterials also show bioferroelectric behaviors. Fundamentally, it is 
originated from switchable polarizations that are crystallographically 
preferred. Bioferroelectricity may contribute to energy storage and release in 
biosystems, and it may open a door for biomaterial-based storage device or 
biomimetic-based new materials for various applications, such as energy 
storage, and strengthening or toughening structural materials. However, the 
research into bioferroelectricity is still at its early stage. Therefore, the primary 
objective of this study is to systematically characterize the nanoscale 
biopiezoelectric and bioferroelectric properties of mollusk shell and to explore 
their potential functionalities in natural biomaterials. Mollusk shell is chosen 
because of their survival in billion years of natural selection, as well as their 
truly outstanding mechanical properties, and relatively simple composition 
and structure.  
Main results herein are presented in four sections: structure and 
nanomechanical properties, biopiezoelectric properties, bioferroelectric 
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properties, and the effects of external factors (stress and temperature). The 
characterizations are mainly based on various Scanning Probe Microscopy 
(SPM) techniques. In particular, nanomechanical property of mollusk shell is 
quantified by Contact Resonance Force Microscopy (CR-FM). It provides true 
nanoscale mappings of local elasticity and energy dissipation of the scanned 
surface. In addition, biopiezoelectricity of mollusk shell is characterized by 
Piezoresponse Force Microscopy (PFM), which is a powerful branch 
technique of SPM to assess local piezoelectric behaviors of various materials. 
PFM provides information of strength of piezoresponse and polarization 
directions. Both vertical and lateral piezoresponse of polished fresh mollusk 
shell are studied in various orientations and locations. The piezoresponse is 
found to be originated from the biopolymers in mollusk shell. To confirm this, 
biopolymers-removed shells are also studied. Furthermore, bioferroelectric 
properties of mollusk shell are studied by using Switching Spectroscopy PFM 
(SS-PFM). Local deformation and polarization switching are recorded and can 
be combined to form ferroelectric hysteresis loop. Characteristic parameters, 
such as, coercive bias and imprint, can be extracted from the loop. Shell 
without biopolymers showed no ferroelectric behavior. Lastly, we also studied 
the responsive behaviors of biopiezoelectricity and bioferroelectricity of 
mollusk shell to the external stress and temperature. Moreover, the subsequent 
chapter presents some preliminary results of the piezoresponse of bone and the 
healing phenomena of mollusk shell. Based on all finding, the implications 
and significances of biopiezoelectricity and bioferroelectricity are proposed 
and discussed. Lastly, general conclusions and future research topics are 
proposed at the end of this dissertation.  
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CHAPTER 1 Introduction 
 
This chapter defines the scope and describes the background of the 
research works to be discussed in this thesis. The research motivations and 
objectives, as well as the thesis outline are also provided. 
 
1.1 Overview of the Piezoelectric and Ferroelectric Behaviors of 
Natural Materials 
Through billion years of natural selection, the survived species need to 
progressively evolve their functionalities to adapt to the changing 
environment. Many of their functions and properties are genuinely coveted by 
the engineering world, for example, the toughness of spider silk, the strength 
and lightweight of bamboos or the adhesion abilities of the gecko’s feet, which 
are typical examples of high performance natural materials (Barthelat, 2007). 
Biomimetics is a broad scientific field that examines natural biological 
systems and attempts to design systems and synthetic materials through 
biomimicry (Rao, 2003). Nature usually makes economic use of materials by 
optimizing the design of the entire structure or system to meet the needs of the 
multiple functionalities. The studies of natural materials can inspire engineers 
and scientists to develop new generation of synthetic materials and systems. 
The first step of biomimetic approach is to identify materials properties of 
natural systems and to understand the underlining mechanisms that promote 
these properties.  
Structures and properties of variety of natural materials have been 
extensively characterized from macroscale to molecular level since 1950s, 
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including plants, flies, insects, mollusks, vertebrates, and many others (2010).  
However, many functional properties of the natural materials are still not fully 
understood, and biopiezoelectricity is one of them. In short, piezoelectricity or 
electromechanical (EM) coupling is a material behavior that involves the 
conversion between mechanical energy and electrical energy. It is widely 
accepted that virtually all biological systems manifest a mechanical response 
to an applied bias (Rodriguez et al., 2008). The effects and roles of 
piezoelectricity in biological systems have been studied and applied in many 
clinical trials, such as electrically-stimulated bone remodeling, massage 
therapy, and chiropractic. The significance of piezoelectricity in biological 
tissues has been pointed out by Bassett (1968). Theoretically, the 
piezoelectricity may affect the cell migration and proliferation, orientation of 
inter- and intra-cellular macromolecules, enzyme activation and suppression 
and many other physiological phenomena. Recently, the piezoelectric and 
ferroelectric biomaterials have been proposed with potential applications on 
tissue engineering and molecular ferroelectrics attributed to their advantages 
over the conventional inorganic ferroelectrics, for instance, they can be 
flexible, biodegradable, cost effective, and self-assembled (Bystrov et al., 
2012; Heredia et al., 2012; Sencadas et al., 2012). However, due to the 
complexity of the systems and the highly multidisciplinary nature of the 
research, the mechanisms of the piezoresponse in biological systems are not 
fully understood and the detail information of biopiezoelectricity and 
bioferroelectricity are still scarce (Bystrov et al., 2012). Therefore, it is both 
scientifically and technologically significant to study the piezoelectric and 
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ferroelectric phenomena in biological systems, and exploit their characteristics 
for engineering and biomedical applications.  
Among various biomaterials, much attention has been paid on 
hard/mineralized biomaterials, including mollusk shells, bone and teeth, 
because of their self-regeneration properties and distinctive hierarchical 
structures that promote extraordinary mechanical properties. Most of the 
previous studies on piezoelectricity of mineralized biomaterials are on the 
macroscale tissue level (Fukada, 1968b; Fukada and Ueda, 1970; Marino, 
Becker and Soderholm, 1971; Ando, Fukada and Glimcher, 1977). On the 
other hand, with the development of Piezoresponse Force Microscopy (PFM), 
one of the functional modes of Scanning Probe Microscopy (SPM) technique, 
the studies of the piezoelectric and ferroelectric behaviors of biomaterials at 
the nanoscale resolution have become feasible (Rodriguez et al., 2006b; 
Kalinin et al., 2007a; Bystrov et al., 2012). 
 
1.2 SPM Technology and Its Applications on Natural Materials 
SPM is the most common non-destructive technique to observe 
structure and diverse properties of various materials at the nanoscale. SPM 
examines materials by using a probe with super-sharp tip apex. The applied 
mechanical contact force commonly ranges from a few nanonewtons to a few 
micronewtons. Therefore, SPM can have atomic resolution and is virtually 
non-destructive. SPM consists of many operational modes, for instance, 
Atomic Force Microscopy (AFM), Kelvin Probe Force Microscopy (KPFM), 
Magnetic Force Microscopy (MFM), and many more. Local topographic, 
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mechanical, electrical, magnetic, and chemical properties can be studied via 
the corresponding SPM techniques.  
In recent years, SPM techniques are greatly applied in biosystems 
researches mainly in terms of visualizing the surface, measuring physical 
properties, and being a manipulation tool in biology, for example, examination 
of the mechanical properties of biotool tissues (e.g. teeth and claws), force 
measurement of receptor-ligand interaction on living cells, nano-structuration 
and nano-imaging of biomolecules for biosensors, and many more (Martelet et 
al., 2007; Eibl, 2009; Schöberl, Jäger and Lichtenegger, 2009). On the other 
hand, PFM is the primary tool to investigate the piezoelectric and ferroelectric 
properties of various advanced materials, including biomaterials. However, 
such researches on natural materials are still at a nascent stage. The studies of 
biopiezoelectricity and bioferroelectricity are mainly conducted on bones 
(Halperin et al., 2004; Minary-Jolandan and Yu, 2010) and organic polymers 
[e.g. collagen and Polyvinylidene Difluoride (PVDF)] (Fukada, 2000). There 
are also some studies on cell (Kalinin et al., 2007b) and teeth (Habelitz et al., 
2007; Wang et al., 2007). Nevertheless, the roles of piezoelectricity and 
ferroelectricity in biosystems are mysterious, and the information related to 
biopiezoelectricity and bioferroelectricity is still scarce, especially at the 
nanoscale.  
 
1.3 Objective and Motivation 
As described earlier, EM coupling is a near-universal phenomenon 
shared among all biological systems (Kalinin, Rar and Jesse, 2006). The main 
motivation to study piezoelectricity in biological systems is to explore and 
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understand the relationships between physiologically generated electric field 
and various properties at the molecular, cellular, and tissue levels (Gruverman, 
Rodriguez and Kalinin, 2007). Furthermore, it has been proposed that the EM 
coupling, via mechanical stress that generates an electric potential, controls the 
mechanisms of local tissue development (Kalinin et al., 2006c). It could be the 
origin of bone remodeling, tissue regeneration, neuron reaction and many 
other physiological phenomena. The ultimate purpose in this research field is 
to help to predict and to manipulate biomaterial behaviors, and may also 
develop new synthetic materials via biomimicry, but it is a long journey ahead. 
For this particular research work, the primary objective is to characterize the 
fundamental piezoelectric and ferroelectric properties of mollusk shells, and to 
correlate these properties to their structural, mechanical, and physiological 
behaviors. In addition, the micro- to nano-scale hierarchical structures of the 
shells, and the nanoscale elasticity are also to be studied.  
Mollusk shell is a calcified biological system that exhibits substantially 
superior mechanical properties than those of its individual constituents. It has 
hierarchical structure formed under environmental conditions. Hungering for 
similar extraordinary properties, some synthetic nanocomposites have been 
developed by scientists in a way to mimick the hierarchical structure of 
mollusk shell (Tang et al., 2002). However, the overall performance cannot be 
compared to that of the natural mollusk shell. Hence, it is reasonable to 
speculate that some other factors, such as the electromechanical interactions at 
different structural levels, may play important roles, not only in the organized 
functionality of biosystems, but also the outstanding mechanical properties of 
natural calcified materials. Therefore, a comprehensive understanding of the 
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working mechanisms of these natural biological systems is required in order to 
develop a new generation of composite materials, which may be self-
organized, light weight, high strength and toughness, as well as biocompatible. 
 
1.4 Thesis Outline 
This thesis consists of nine chapters. Chapter 1 provides a brief 
overview and evolution of the studies of piezoelectric and ferroelectric 
properties in natural materials. In addition, an introduction of SPM technique 
and the motivations and objectives of this research work are also included. In 
Chapter 2, literatures closely relevant to this dissertation are reviewed in 
details in three aspects, including biopiezoelectricity and bioferroelectricity, 
mollusk shell properties, and various modes of SPM technique. Chapter 3 
provides the details of the experimental methods and parameters used for this 
study. The major results in this dissertation are presented in Chapters 4 to 7, 
including nanoscale structure and mechanical properties of abalone and clam 
shells; piezoelectric properties of mollusk shell; ferroelectric behaviors of 
mollusk shell; and responsive behaviors of mollusk shell under external 
flexural stress and rising temperature. Based on the reviewed literatures and all 
of the observations from this study, the implications and significances of 
biopiezoelectricity and bioferroelectricity are proposed in Chapter 8. Lastly, 
Chapter 9 provides a general conclusion of the research work, as well as the 
recommended succeeding works. 
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CHAPTER 2 Literature Review 
 
This chapter provides necessary background for better understanding 
of the subsequent chapters. Three most relevant aspects, including 
biopiezoelectricity and bioferroelectricity, fundamental properties of mollusk 
shell, and scanning probe microscopy techniques will be explained in details. 
In addition, as many key terms related to EM coupling are used throughout the 
thesis, those related terms are found in Appendix A.  
 
2.1 Biopiezoelectricity and Bioferroelectricity 
Electromechanical (EM) coupling is a kind of material behavior that 
converts electrical impulse to mechanical action, or coverts mechanical stress 
to voltage. It comprises properties of piezoelectricity, ferroelectricity, 
pyroelectricity, ionic channel, etc. Piezoelectricity is a fundamental property 
of biological tissues. It may be account for many biological phenomena such 
as bone remodeling, the formation of thrombi due to injury of blood vessels 
and all tactual responses (Shamos and Lavine, 1967). This property of some 
biological materials has been studied continuously, for example, wood 
(Fukada, 1968a), bone (Aschero et al., 1996), collagen (Goes et al., 1999), 
tooth (Kalinin et al., 2005) and lobster apodeme (Fukada, 1995), as well as 
some organic biopolymers having large molecule and complex structure; such 
as cellulose, collagen, keratin, chitin, amylose and DNA (Gruverman, 
Rodriguez and Kalinin, 2007). Permanent and induced electric dipoles can be 
easily found within these organic biopolymers. Comparing to the mineral 
crystals with centrosymmetric crystal structure, the oriented biopolymer 
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molecules are therefore thought to be responsible for the piezoelectricity in 
biological materials (Gruverman, Rodriguez and Kalinin, 2007). The 
piezoelectricity apparently stems from a shearing stress on the oriented long 
chain fibrous molecules, the actual effect being a displacement of charge due 
to the distortion of cross-linkages in the molecular structure (Shamos and 
Lavine, 1967). Furthermore, Fukada (1995) pointed out that the origin of 
piezoelectricity was from the internal rotation of dipoles such as CO-NH and 
CO-O based on the study of synthetic polypeptides and optically active 
polymers. However, comparing with the traditional inorganic piezoelectric 
materials, the piezoelectric constants of the biological materials are generally 
small (Table 2.1).  Hence, the induced deformation or polarization is limited, 
but it is sufficient for various physiological functions. 
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 There are many factors that may influence the piezoresponse of 
biological systems. Water content is one of such significant factors. Based on 
the study of decalcified bovine bone (Maeda and Fukada, 1982), when water 
content in the collagen fibrils was beyond a critical value, the piezoelectric 
constant of bone was reduced. Collagen is the major organic contents in bone 
and it is a macromolecule consisting of polypeptides organized in the form of 
a triple helix. The triple helix is stabilized by hydrogen bonds and 
polypeptides chains. By introducing a small amount of water, the crystallinity 
of collagen is increased due to the additional interchain hydrogen bonds from 
water molecule. If the water content is large, the density of piezoelectrically 
effective dipoles is also reduced because of the expansion between the triple 
helix and microfibrils that induced by adsorbed water. It is generally believed 
that piezoelectric constant reduces with increasing water content due to the 
induced ionic current that neutralizes the piezoelectric polarization. 
To the best of knowledge, only one earlier study has elaborated on the 
piezoelectricity of mollusk shell (Ando, Fukada and Glimcher, 1977), which 
was conducted on lobster shell. Instead of collagen in bone, the major 
biopolymer of the invertebrates is chitin. When shear force is imposed in an 
oriented plane of chitin molecules, polarization is produced in a direction 
perpendicular to the plane. The obtained highest piezoelectric strain constant 
d14 (shear polarization generated by normal stress) was reported to be 4×10
-8 
cgsesu (~13.34×10-18 C/m) from demineralized apodeme. The variations of the 
piezoelectric and dielectric constant with temperature and hydration were also 
studied. Increments in both piezoelectric and dielectric constants were 
observed at -100°C and 100°C of 5% moisture content sample. With a high 
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moisture content, the piezoelectric and dielectric constants were generally 
reduced with temperature. A two phase spherical dispersion model has been 
developed to explain such temperature dependent phenomenon (Fukada and 
Date, 1973), in which piezoelectric spheres were uniformly distributed in a 


















dd c                                     (E2.1) 
where  is the volume fraction of the sphere, dc is the piezoelectric strain-
constant of the sphere, c and  are elastic constants and dielectric constants 
respectively. The subscripts 1 and 2 indicate the corresponding values of 
sphere and medium. When the temperature of specimen increased from  
-150°C to -100°C, the thermal liberation of the local molecular motion of 
chitin in medium caused increment in
1 and decrement in 𝑐1, which resulted 
in a total increase of d value (assume the rest parameters are temperature 
independent). When temperature further increased to 100°C, the measured
1
was dramatically increased; this led to the increase of d value. Nevertheless, if 
moisture content was high, as temperature was increasing, the mobility of 
water which is adsorbed on the surface of the crystalline region was increased. 
This generated a rise of surface conductivity neutralizing the piezoelectric 
polarization. The resultant increased
2 under this condition gave a very small 
d value (Fukada, 1995).  
 
2.2 Properties of Mollusk Shells 
Mollusk is one of the most ancient species that still persist today. Their 
armors or shells protect them from predators in billions of years of evolution. 
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These shells self-organize in an aqueous environment and under ambient 
conditions (Heinemann et al., 2011). The shells are composed by readily 
available nontoxic elements: about 95 wt.% minerals (calcium carbonate: 
CaCO3) and less than 5 wt.% biopolymers. The biopolymers are mainly 
polysaccharide and proteins (Li et al., 2004). The mollusk shells are formed 
via biomineralization process, during which site-directed and region-specific 
nucleations occur with regulation of the growth, structure, morphology and 
orientation of the mineral crystals (Rao, 2003). The whole process is regulated 
by the biopolymer contents.   
More importantly, mollusk shell is an excellent example of high 
performance natural nanocomposite. They are about 500~1000 times tougher 
than that of the abiogenic counterparts such as geological calcite and aragonite 
(Fig. 2.1), with only a slight reduction in the stiffness (Barthelat, Rim and 
Espinosa, 2009). It has been found that the high performance of mollusk shells 
is mainly originated from their hierarchical structures.  
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Fig. 2.1 Materials properties map for a variety of natural materials. (a) 
toughness & Modulus chart, (b) specific Modulus & Specific Strength chart. 
Reproduced from Heinemann et al. (2011) 
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Mollusk shells have a variety of structures as illustrated in Fig. 2.2, 
including prismatic, foliated and cross lamellar structure, columnar, and sheet 
nacre. These structures usually have two to three orders of hierarchies from 
nano- to micro-scale in a way of embedded CaCO3 crystals in organic matrix 
or biopolymers (Ji and Gao, 2010). The distinct composition and hierarchical 
structure promote the superior mechanical properties of mollusk shells. Based 
on the mechanical tests on 20 different species of mollusk shells, the elastic 
modulus of mollusk shells was reported ranging from 40~70 GPa, while their 
tensile strength is in the range of 20~120 MPa (Currey and Taylor, 1974; 
Barthelat, Rim and Espinosa, 2009). Therefore, mollusk shells are important 
models for new generation of sustainable materials, which is lightweight, 
tough and with high strength. Amongst all of the structures found in mollusk 
shells, nacre appears to be the strongest and the most widely studied one. It is 
the major structure found in abalone shells, which is to be studied in this work.  
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Fig. 2.2 Mineral structures found in mollusk shells. (a) columnar nacre, (b) 
sheet nacre, (c) foliated, (d) prismatic, (e) cross-Lamellar, (f) complex cross-
laminar, (g) homogeneous. Reproduced from Currey and Taylor (1974).  
 
2.2.1 Abalone shell 
Abalone belongs to the Gastropoda class, which is the largest class of 
mollusks. Abalone shell is composed of 95 wt.% CaCO3, about 5 wt.% 
biopolymers, and a small amount of water. Macroscopically, abalone shell can 
be divided into two sections: the outer calcite (rhombohedral) section and the 
inner aragonite (orthorhombic) section (Fig. 2.3).  
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Fig. 2.3 Cross-section of the abalone seashell, illustrating the deliberate spatial 
and orientational control of CaCO3 reinforcing elements in a unique 3D 





The aragonite section is composed by closely packed platelets and 
forms a lamellar structure, i.e. the nacreous structure. The platelets are 
300~500 nm in thickness and 5~15 μm in width. The basic building blocks of 
the platelets are a large number of mineral nanograins (~ 44±23 nm size) that 
imbedded inside a continuous organic matrix (intracrystalline biopolymers) 
(Rousseau et al., 2005). The thickness of the intracrystalline biopolymers is 
found to be about 4 nm (Stempflé et al., 2010). Thus, the platelet basically is 
an organomineral nanocomposite, instead of a homogenous single crystal 
composed by nanograins only (Towe and Hamilton, 1968; Stempflé et al., 
2010). Furthermore, on the surface of platelets, two or three nanograins are 
found to form nanoscale asperities in the size of about 100 nm. The 
interlocking of these asperities is believed to be one of the contributors to the 
outstanding fracture toughness of nacre (Li et al., 2004). When viewed from 
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the cross-sectional surface, the mineral layers are joined by thin layers (~20 
nm) of interlamellar biopolymers (Katti, Katti and Mohanty, 2010), and this is 
usually called “bricks and mortar” structure. The continuous crystal regions 
between the two adjacent mineral layers form the mineral bridges. They 
penetrate through the biopolymer layers, and are believed to be the origin of 
the perfect c-axis alignment of the aragonite crystal from the adjacent mineral 
layers (Meyers et al., 2008). The polygonal platelets in the same mineral layer 
usually have different sizes and number of edges. Misorientations between 
these platelets usually exists, i.e., the rotation about the c-axis, and they were 
found to be connected by the {110} twin planes of orthorhombic lattice 
(Sarikaya et al., 1990; Heuer et al., 1992). In addition, there are intertabular 
biopolymers located between the side walls of the platelets in the same 
mineral layer (Heinemann et al., 2011; Launspach et al., 2012).  
On the other hand, the outer calcite section is composed of the 
prismatic crystal columns/blocks that are enveloped in the interprismatic 
matrix (Nudelman et al., 2007). The columns are orientated perpendicular to 
the shell surface. Generally, the exact composition and size of structures 
depend on shell age and biomineralization environmental conditions. 
The biopolymers presented in nacre is composed of chitin 
(polysaccharide) and different kinds of proteins, such as perlucin, perlwapin, 
AP8 and perlinhibin (Marin and Luquet, 2004; Launspach et al., 2012). The 
interlamellar matrix comprises a porous chitin filaments sheet and the 
associated proteins. Some of these proteins are tightly bonded to the chitin 
core, while others are dissolvable by weak acetic acid. Moreover, the 
intertabular matrix is found to be the thin proteinacious sheets that contain 
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collagen. Furthermore, the soluble proteins encased into the mineral crystals 
inside a single platelet are the intracrystalline biopolymers (Heinemann et al., 
2011; Launspach et al., 2012). Nevertheless, the full understanding of the 
combination of proteins in a particular shell species is still under development. 
The exact locations, orientations, and cross-linkings of these biopolymers are 
uncertain. The organic biopolymers are believed to function as the “glue” that 
joins the mineral crystals together and to facilitate the motion of aragonite 
crystals under external stresses. Thus, it plays the key role in the improvement 
of the strength and toughness of abalone shell.  
Based on the knowledge of nacre structure, synthetic materials have 
been developed, but it still cannot achieve the levels of toughness (in relative 
to their constituents) of the natural abalone shell (Katti, Katti and Mohanty, 
2010). It may be due to the limitations of the synthesis technique, but it also 
bring the possibility that the mechanisms other than hierarchical structure and 
mechanical aspect may also be involved in the toughening mechanisms (Li 
and Zeng, 2011; Li and Zeng, 2013), and the piezoelectric and ferroelectric 
properties of the nacre may be one of the contributing toughening 
mechanisms. 
 
2.2.2 Clam Shell 
Clam shell belongs to the Bivalvia class, which is the 2nd largest class 
of mollusks. The published information about structures and compositions of 
clam shell is not as many as those of abalone shell. Clam shell has more 
complex structure than that of the abalone shell. Two distinct regions can be 
easily visually identified, the outer white region and the inner translucent 
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region. The outer region is composed of layers of compact aragonite needles 
which are arranged cross-lamellarly and are separated by thin organic matrix. 
The angle between needles in neighboring layers is about 120°. A single 
needle is made up of smaller sub-grain phase with size of 10~20 nm and some 
amorphous substance (Zhu et al., 2006). In the inner region of giant clam 
shell, micro-layered structure is also observed but is composed by long 
columnar aragonite crystals. Many flaws in form of microcracks are contained 
in this region (Lin, Meyers and Vecchio, 2006).  
In term of organic phase, both tubular and banded organic matrices are 
revealed after chemical treatment. The tube-like organic matrix is 
Ethylenediaminetetraacetic acid (EDTA) insoluble and is evenly distributed in 
the entire clam shell. The tubes penetrate through the layers and act similarly 
to the canaliculus fibers in the mollusk shell. Generally speaking, clam shell 
has less ordered and more isotropic structure than that of the abalone shell.  
 
2.2.3 Mechanical Properties of Mollusk Shell 
Large number of researches have been conducted in order to determine 
the mechanical properties, including hardness, fracture strength and elastic 
modulus of various species of mollusk shells, especially of the abalone shell. 
Because of the variations in the testing methods and sample conditions, the 
discrepancy among the results is large. There are many factors contributed to 
the large variation of the mechanical properties, which can be generally 
divided into two categories. One is the experimental setup, such as loading 
rate, tensile or compressive test, and the loading direction relative to the layer 
orientations in the mollusk shells. The other is the shell conditions such as age, 
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growth and storage environment, as well as the water content in the shell 
samples.  
However, the common finding is that the mechanical property of 
mollusk shell is dramatically improved in spite of the weak constituents. The 
Young’s moduli of the dry and wet nacres (i.e., the brick and mortar structure) 
were reported to be 70 GPa and 60 GPa respectively, and the tensile strengths 
of dry and wet nacres were found to be 170 MPa and 140 MPa. Furthermore, 
the work of fracture of nacre was found in a range of 350 to 1240 J/m2 
(Jackson, Vincent and Turner, 1988), which is about 500-3000 times higher 
than that of the geological aragonite (Jackson, Vincent and Turner, 1990; Rao, 
2003; Lin and Meyers, 2005). In addition, comparing to that of the abalone 
shell, clam shell has higher hardness but weaker compressive strength (Lin, 
Meyers and Vecchio, 2006; Zhu et al., 2006). 
The mystery of the toughening of nacre has also been widely studied. 
For example, a summary of the toughening mechanisms was provided by 
Katti, Katti and Mohanty (2010), including the viscoelastic deformation of the 
mineral platelets (Mohanty et al., 2006), the presence of nano-asperities and 
mineral bridges that improves the frictional resistance (Wang et al., 2001; 
Song, Soh and Bai, 2003), the unfolding of protein domains and breaking of 
crosslinks in organic macromolecules upon tensile stress (Smith et al., 1999), 
crack blunting and bridging by the ligaments of organic phases (Wang et al., 
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2.3 Scanning Probe Microscopy 
Different from the optical and electronic microscopy techniques, SPM 
uses mechanical force to sense surface morphology. The sensing is via a probe 
that typically comprises a substrate, a cantilever and a sharp tip [Fig. 2.4(a)]. 
The cantilever is usually tens to hundreds of micrometers long. One end of the 
cantilever is fixed with the substrate. At the free end of the cantilever, the 
sharp tip is mounted below. The tip is the media directly contact or interact 
with the sample surface. As the tip radius ranges from a few nanometers to 
tens of nanometers, the interaction between the tip and sample is usually 
confined within a few atoms or molecules. The atomic force between tip and 
sample or the sample response is detected by the tip and transmitted through 
the cantilever deflection. The deflection is recorded by a laser-detector system, 
as illustrated in Fig. 2.4(b). Through the years of development, SPM now 
comprises a numbers of techniques to reveal not only the topography, but also 
various surface and subsurface properties on the atomic- to nano-scale. All of 
these techniques are based on the fundamental principles of SPM. Following 
sections will discuss the details of the techniques used in this research work. 
   
Fig. 2.4 (a) example of SPM Probe (AC240TM), retrieved from 
http://www.asylumresearch.com/Probe/AC240TM,Olympus, (b) schematic of 
SPM working principle. 
 
                                                                                                              Chapter 2 
 
 23  
 
2.3.1 Atomic Force Microscopy (AFM) 
AFM is the most fundamental mode of the SPM. Its primary function 
is to acquire three-dimensional (3D) sample topography of the surface at the 
nanoscale resolution. AFM can be operated in either amplitude-modulated 
(AM) or frequency-modulated (FM) mode. In this study, only the AM-AFM is 
used. It works based on two mechanisms: contact mode and tapping mode 
(also called AC-mode). Under contact mode, topography is tracked by 
maintaining constant force between the tip and sample when scanning the 
surface line by line. The base of cantilever or the substrate is adjusted up or 
down to maintain the set point force, which is accomplished by a feedback 
loop control.  
On the other hand, tapping mode or AC-mode uses different principle. 
Instead of steady contact with the sample surface, cantilever is oscillating with 
predefined drive amplitude and drive frequency when scanning over the 
sample surface. This mode is accomplished by mechanically exciting the 
substrate of cantilever by a piezo-crystal, and maintaining a set point 
amplitude. The responsive amplitude and phase signals due to tip-sample 
interaction are detected and recorded by monitoring cantilever deflection. 
Besides the topography, material property variations can be revealed in the 
phase image (Garcia et al., 1999; Tamayo and Garcia, 1998). Due to the nature 
of tapping mode, both tip and sample can be better preserved; smaller force 
can be detected; and material properties can be revealed in more details. More 
information about AFM is nicely introduced by Eaton and West (2010). 
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2.3.2 Contact Resonance Force Microscopy (CR-FM) 
The most promising AFM methods for quantitative measurements of 
relatively stiff materials are dynamic approaches, in which the cantilever is 
vibrated at or near its resonant frequency (Hurley, 2010). CR-FM is the 
general name of these techniques. Different from nanoindentation 
experiments, which gives elastic modulus as an average value over the entire 
sample surface, CR-FM shows high-resolution image of elasticity mapping of 
a scanned area on the nanoscale. For highly nonhomogeneous materials, like 
seashell, CR-FM can provide more meaningful modulus mappings rather than 
a single averaged modulus value. In addition, CR-FM has been recently 
applied to polymer composites to quantitatively reveal both elastic/storage 
modulus and loss/dissipative modulus (Killgore et al., 2011a; Killgore et al., 
2011b; Yablon et al., 2012). 
 
Fig. 2.5 Concept of CR-FM. (a) resonant mode of the cantilever is excited by 
a piezoelectric actuator when the tip is in free space, (b) cantilever in contact 
with a specimen under an applied static force, (c) resonance spectra. 
Reproduced from Hurley (2009). 
 
Generally speaking, CR-FM measures the frequencies at which the free 
and contact resonances occur. Mechanical properties of samples can be 
deduced from the measured frequencies incorporated with two models: the 
dynamic motion of cantilever and the tip-sample contact mechanics (Hurley, 
2010). The concept of CR-FM is illustrated in Fig. 2.5. A resonator is placed 
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below the tested sample to initiate the ultrasonic oscillation. The CR-FM 
measurement involves many precautions and procedures. Firstly, cantilever 
has to be calibrated to determine the sensitivity and spring constant, and thus 
to know the exact static force FN applied to the tip. When testing stiff 
materials, FN is typically in the range of several hundred nanonewtons to a few 
micronewtons. Such forces ensure the elastic contact between the tip and 
sample. Secondly, reference material with known elastic modulus is necessary 
for elastic properties quantification. The reference material needs to have the 
similar stiffness to the testing sample. Thirdly, due to the relatively large 
contact force, the tip can be easily blunted, in which case the contact radius 
between the tip and sample will change along with the scanning process 
(Killgore, Geiss and Hurley, 2011). Thus, the reference material needs to be 
examined at least twice, before and after the sample was tested. Finally, the 
adherence between the sample and piezo-actuator has to be strong enough. 
Otherwise, more than one contact resonance peaks may be shown on the 
frequency spectrum. CR-FM can be conducted at a single point or over a 
defined area. Because the analysis relies on the contact resonance frequency at 
each data point, the frequency tracking is necessary. Dual-AC Resonance 
Tracking (DART) is one of the methods to trace shifts of contact resonance 
frequency that is caused by surface roughness or property difference 
(Rodriguez et al., 2007). The details of DART method is going to be 
introduced in section 2.3.4. In the experiments, CR-FM measurement obtains 
four types of experimental data, free resonance frequency and quality factor, 
and contact resonance frequency and quality factor. These data are required 
for further analysis.  
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For data analysis, value of storage modulus depends on the contact 
resonance frequency, while the loss modulus depends more on both the 
frequency and the quality factor of the resonance spectrum (Yablon et al., 
2012). By modeling the dynamic motion of the cantilever and tip-sample 
contact mechanics by using Kelvin-Voigt model, the normalized tip-sample 
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is the correspondence root of the characteristic equation 
for free flexural vibration, and equals to 1.8751, 4.6941, and 7.8548 for the 
first three modes. In addition, the damping of the cantilever in free space is 
expressed as 
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applies to both tested sample and reference material. Based on the calibrated 
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2.3.3 Piezoresponse Force Microscopy (PFM) 
PFM is another operational mode of SPM technique and it is a key tool 
for probing EM coupling phenomena on the nanoscale (Rodriguez et al., 
2006a; Soergel, 2011). It works according to the reverse piezoelectricity 
principle, i.e., the surface of a piezoelectric material will oscillate 
mechanically in accordance to the applied AC bias. The bias is applied via a 
conductive probe usually with a Pt-coated silicon tip. Because of its extremely 
high resolution (on the molecular scale), reliable quantitative results, ability to 
study local piezoresponse, ease of implementation, and nondestructive nature, 
PFM has been extensively applied to microelectromechanical systems 
(MEMS), nonvolatile ferroelectric memories (FeRAMs) and many other 
ferroelectric materials in the form of bulks or thin films to study, for instance, 
ferroelectric switching, spectroscopy, domain dynamic and domain writing 
behaviors (Christman et al., 2000; Gautier et al., 2002; Rodriguez et al., 2002; 
Kalinin, Karapetian and Kachanov, 2004; Gruverman and Kalinin, 2006; 
Kalinin, Rar and Jesse, 2006; Kholkin et al., 2007). Furthermore, PFM has a 
dramatic contribution to the characterization of electromechanics of biological 
systems. Instead of a traditional high voltage macroscopic measurement on the 
bulk specimens, PFM is able to investigate even single molecule with a much 
lower voltage, such as millivolts. PFM allows high resolution imaging of 
biological systems and the differentiations between organic and mineral 
components. PFM based research on piezoelectricity of many mineralized 
hard tissue such as teeth and bones (Halperin et al., 2004; Habelitz et al., 
2007), and soft organic materials such as isolated biopolymers and virus 
(Kalinin et al., 2006a; Majid and Yu, 2009) have been published in recent 
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years. As mentioned earlier, mollusk shell has overall prominent mechanical 
properties compared to each microconstituent. However, the synthetic 
materials cannot reach the level of toughness of natural mollusk shell by 
simply biomimicking the structures of mollusk shell. Under this circumstance, 
the universal biopiezoelectricity and bioferroelectricity in biomaterials may 
play a role in the toughening mechanisms or even other physiological 
behaviors in mollusk shell. Therefore, it is reasonable and necessary to 
characterize the nanoscale piezoelectric and ferroelectric behaviors of the 
mollusk shell by PFM, which has not been conducted and reported in the 
literatures so far.  
 
 
Fig. 2.6 Standard PFM experimental setup. Reproduced from Kholkin et al. 
(2007). 
 
The standard experimental setup of PFM is illustrated in Fig. 2.6. It is 
usually based on a commercial scanning probe microscope equipped with a 
four-quadrant photo detector, a conductive cantilever tip, a function generator, 
and two lock-in amplifiers. Application of AC electric bias to the conductive 
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tip results in a local oscillation of sample surface due to the converse 
piezoelectric effect, which is detected by cantilever deflections. The 
deflections cause the accordance laser shifting on the photo detector. 
Electronic feedback facilitates accurate tracking of the cantilever deflections 
caused by sample oscillations by using the lock-in technique with 
simultaneous recording of the surface topography. Both out-of-plane (vertical 
PFM) and in-plane (lateral PFM) components of the electromechanical 
responses can be obtained from photo detector regions of (a+b)-(c+d) and 
(a+c)-(b+d), respectively (Fig. 2.6). Output signals generate at least two 
images, amplitude and phase images. Amplitude image represents the 
distribution of piezoelectric response strength, while phase image shows the 
polarization directions distribution, in other words the domain structure. In 
addition, the surface morphology can be viewed in the normal topographic 
images. The details of the PFM principle are available in many literatures 
(Kalinin, Karapetian and Kachanov, 2004; Kalinin et al., 2010; Soergel, 2011). 
PFM allows high resolution imaging of biological systems and differentiation 
between the organic and mineral components in a non-destructive way. It thus 
can provide additional important information on the microstructure of the 
biological materials (Gruverman, Rodriguez and Kalinin, 2007). 
 
2.3.4 Dual AC Resonance Tracking (DART) 
The primary use of DART is to locate the contact resonance 
frequencies during the scanning even when the frequencies shift due to the 
surface roughness. DART simultaneously uses two different drive frequencies 
(f1, f2) to scan: f1 is below (or on the left hand side) the frequency tuning peak, 
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and f2 is above (or on the right-hand-side) it (Fig. 2.7). The cantilever 
responses, including amplitudes (A1, A2) and phases (ϕ1, ϕ2) are collected at 
these two frequencies. In addition, the drive frequencies are chosen such that 
the measured amplitudes A1 and A2 are equal. The contact resonance 
frequency shift is tracked by moving these two frequencies to maintain a 
similar amplitude value at them, i.e., ΔA = A1-A2 = 0, and also maintain a 




Fig. 2.7 Principle of DART method. Reproduced from Gannepelli et al (2011). 
 
In case of DART-PFM, the obtained raw responses are directly from 
the cantilever other than the sample itself, and the cantilever motion is driven 
by the oscillation of sample according to the inverse-piezoelectricity. The 
electric field induced sample oscillation or response ( driveA , drive ) can be 
extracted by fitting the raw response data to the damped (simple) harmonic 
oscillator (DHO or DSHO) model. 
The dynamics of the AFM cantilever tip can be generally 
approximated using the simple harmonic oscillator (SHO) model, which is 
appropriate for modeling single-eigenmode characterization when the tip-
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sample interactions do not significantly perturb the oscillation (Garcı́a and 
Pérez, 2002; Kareem and Solares, 2012). When encountering tip-sample 
interaction, there is usually energy dissipation or loss, which can be 
represented by adding a dash-pot or damper to the SHO model, i.e., the DSHO 
model. In this model, the responsive amplitude and phase of cantilever 


























    (E2.4) 
By solving these two equations, four unknown parameters, including sample 
response ( driveA , drive ), contact resonance frequency 0f , and energy 
dissipation Q  can be extracted uniquely from the four known variables from 
the cantilever oscillation (
2121 ,,, AA ). Therefore, the piezoresponse of 
sample surface can be quantified by the DART-PFM technique.  
 
2.3.5 Band Excitation (BE) 
Similar to the DART method, BE method can be used to track the 
frequency shift during the SPM scanning. In addition, BE allows the 
decoupling between conservative and dissipative tip-sample interactions and 
identifying the non-linear responses. It can also eliminate topographic cross-
talk (Jesse et al., 2010). This technique excites and detects response at all 
frequencies within a specified frequency band (usually 20~40 kHz) 
simultaneously, in which the resonance frequency is roughly located in the 
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center of this frequency region (Jesse and Kalinin, 2011) (Fig. 2.8). Under the 
operation of BE, cantilever oscillations are recorded at hundreds of frequency 
intervals within the frequency band, the responsive amplitude and phase data 
can be fitted within the whole frequency spectrum. Thus, the contact 
resonance frequencies can be identified unambiguously for each scanned data 
point. Any change of the contact resonance frequency can be detected within 
this band. Most importantly, because of the usage of multiple frequencies, 
more data can be recorded and used for the high-quality DSHO fitting, i.e., fit 
the cantilever amplitude response to a Lorentzian curve (equivalent to E2.3) 
(Rodriguez et al., 2010; Kareem and Solares, 2012), in order to extract the real 
sample deformation. Same as those from DART-PFM method, four types of 
images can be extracted from BE-PFM method: amplitude (response strength), 
phase angle (polarization direction), Q-factor (relative dissipative energy), and 
contact resonance frequency (conservative tip-sample response that reveals 
relative stiffness) (Jesse and Kalinin, 2011). 
 
 
Fig. 2.8 Principle of BE method. Reproduced from Jesse et al. (2007). 
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More specifically, in BE-PFM method, the frequency (f), location (x, 
y) dependent amplitude (A) and phase response (φ) are collected and stored in 
a 3D data arrays as {A, φ}(x, y, f). The data stored in the time domain are 
Fourier transformed to the data expressed in frequency domain (Fig. 2.8). The 
saved data at each pixel are then fitted by the DSHO model to acquire the 2D 
images of the piezoresponse amplitude, the phase offset angle, the Q-factor, 
and the contact resonance frequency. The detailed working principles of BE 
technique can be found in some of the recent publications (Jesse et al., 2007; 
Nikiforov et al., 2010; Jesse and Kalinin, 2011).  
 
2.3.6 Switching Spectroscopy PFM (SS-PFM) 
SS-PFM is the technique to acquire local ferroelectric hysteresis loops 
at a single point on sample surface. In addition, an SS-PFM map can also be 
generated over M × M mesh points in a defined region. This technique 
provides the information about the local polarization dynamics and also reveal 
the pinning, internal field, energy loss and much more information based on 
the shapes and characteristic parameters of the hysteresis loops.  
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Fig. 2.9 Switching and driving waveforms of SS-PFM. (a) electric signal 
supplied to tip, (b) one cycle of triangular square wave, (c) typical PR 
hysteresis loop. Reproduced from Jesse, Baddorf and Kalinin (2006). 
 
Fig. 2.9 illustrates the switching and probing waveforms in the SS-
PFM measurement. The drive signal involves a DC and an AC voltage. The 
most commonly used DC drive is the triangular square wave as shown in Fig. 
2.9(b). The AC signal is imposed in the DC drive to detect the real-time 
piezoresponse. Usually, the remanent responses, i.e. responses at DC-off 
pulses, are used to calculate the hysteresis loop. The raw data from SS-PFM 
are amplitude and phase. The piezoresponse (PR) is calculated with the 
relation of PR = A × cos(φ). The typical hysteresis loop of PR versus bias is 
shown in Fig. 2.9(c). From this loop, many critical parameters describing the 
switching process can be extracted and analyzed, including positive and 
negative coercive biases (V+ and V-), remanent piezoresponses (R0
+ and R0
-), 
imprint voltages, saturation piezoresponse, nucleation bias and work of 
switching. More details of SS-PFM analysis are presented in the literature 
(Kalinin et al., 2010). 
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CHAPTER 3 Materials and Methods 
 
This chapter describes specific sample preparation methods for 
individual characterization. Experimental setups and procedures are provided.  
However, for SPM techniques, the operational parameters vary between the 
experiments. Thus, essential details of experimental parameters will be 
provided in the corresponding chapters.  
 
3.1 Sample Preparation 
Abalone shell and clam shell were chosen for this study. They were 
selected for this research project mainly for three reasons. Firstly, by 
comparing to some other shells, abalone shell shows higher compressive and 
flexure strengths, while clam shell has higher microhardness (Lin, Meyers and 
Vecchio, 2006; Zhu et al., 2006). Secondly, they represent two common 
classes of seashells, i.e. monoplacophora and bivalvia. Finally, both kinds of 
shells are readily available. 
In this study, fresh mollusks were purchased from seafood market. 
Shucked shells were stored in tap water under ambient conditions. All of the 
characterizations were conducted on three kinds of surfaces of mollusk shell: 
the outer shell surface (connected to outside environment), the inner shell 
surface (connected to living organism), and the cross-sectional surface, as 
illustrated in Fig. 3.1. 
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Fig. 3.1 Illustrations of abalone and clam shells and the surfaces studied in this 
work. 
 
3.1.1 Mechanical Polishing 
To observe a decent SPM image, sample needs to be polished to obtain 
a flat and low roughness surface. Two cases were involved for sample 
preparation. The first case is that when sample size is not confined by SPM 
space. Fresh shell was either cut or fractured to small pieces. These pieces 
were then casted in epoxy resin under ambient conditions. Solidified casted 
samples were in cylindrical shape with a diameter of 30 mm. After that, 
samples were progressively grinded with 1200, 2400, and 4000 SiC papers by 
water-cooled semi-auto polisher (Struers LaboForce-3, Denmark). Followed 
by this, samples were polished with 0.3 and 0.05 μm alumina powder. Finally, 
fine polished samples were sonicated in deionized (DI) water to remove any 
residual polishing powders or loosen materials. Then the samples were air-
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blown dried, and ready for various SPM characterizations. On the other hand, 
if sample size is confined by scanning space of a particular SPM mode, the 
initially cut small pieces of shell samples cannot be embedded in epoxy resin. 
Thus, they are hand-polished in the same procedures as described above. In 
this study, the hand-polished samples are only for the 3D-PFM, high-voltage 
(HV) SS-PFM and heating experiments, where the shell-in-epoxy samples 
cannot fit in the sample holder or cannot resist the high temperature.  
 
3.1.2 Chemical Treatment 
To verify the functionalities of each micro-constituent, CaCO3 and 
biopolymers, in mollusk shells, chemical solutions were used to partially 
remove either CaCO3 or biopolymers. To remove CaCO3, 0.5 M 
Ethylenediaminetetraacetic acid (EDTA) was used (Pokroy and Zolotoyabko, 
2003). On the other hand, 4% NaOH was used to remove biopolymers (Tao et 
al., 2009). The amount of the removed micro-constituents depends on the 
duration that samples are immersed inside the solutions. To retain sample 
integrity and reasonable surface smoothness for SPM observation, only the 
materials on and slightly below the sample surface were partially removed by 
sonicating in respective solutions for about 15 minutes. The samples were then 
thoroughly rinsed by DI water and air-blown dried after chemical treatment.  
 
3.1.3 Special Preparation for In-Situ SPM Characterization under Flexural 
Stresses 
Only the cross-sectional abalone shells were tested by this method due 
to the set-up of the experiment. To study the in-situ response of the abalone 
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shell under the external flexural stresses, the shell was cut into small 
rectangular pieces by using a water-cooled diamond slicing blade. The 
rectangle pieces were casted in epoxy resin. The solidified samples were in a 
cylindrical shape, with a 40 mm of diameter and at least 10 mm of height. In 
order to ground the mollusk shell under PFM and SS-PFM modes, the 
rectangular shell pieces need to be cut to the height more than 10 mm such 
that after poling process, shell can exposed on both top and bottom surfaces of 
the casted sample. Both the upper and lower surfaces of the cylinder were 
grinded flat using #1200 SiC paper. To apply flexural stresses, two slots were 
cut in the epoxy mount. One was a sector cut with an initial opening angle of 
60°-65°, and the other was a rectangular cut to help deliver more stress to the 
embedded abalone shell by only a small deformation of the epoxy resin. 
Flexural forces were applied by a home-made fixture as described in section 
3.2. After cutting slots, the samples were undergone the same grinding, 
polishing, and cleaning steps as described in the section 3.1.1. 
 
3.2 Bending Fixture and Stress Calculation for In-Situ SPM 
Characterization under Flexural Stresses 
To apply flexural stresses to the abalone shell samples, a simple fixture 
was designed and fabricated. The fixture is a metal ring with 10 mm of height 
and 40 mm of inner diameter, so that the polished sample as described in the 
section 3.1.3 can just fit in it. Two holes were made through the ring wall so 
that two point-forces can be applied by tightening screws against the edge of 
sample. Fig. 3.2 schematically shows the top view of the setup, including the 
metal ring and the shell sample casted in epoxy resin. When force is applied 
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via tightening of the two screws, the sector cut will be closed accordingly. The 
change of the sector cut angle (Δθ) is an indicator of the applied stress. This 
change is about 1° in maximum because of constraints from the metal ring and 
the resistibility of the epoxy resin to the point force (a large point force can 
break the epoxy at the point of contact). This setup has the advantages of low 
cost and easy operation. No precision cutting of the specimen is required, 
which is usually difficult for thin abalone shells. More importantly, the fixture 
can be easily fitted into the confined space below the SPM head with the 
system we used. The effects of both tensile and compressive stresses on nacre 
can be studied simultaneously from the same sample.  
 
Fig. 3.2 Illustration of setup for flexural stress application to abalone shell. 
 
A numerical method is used to provide a guideline of the stress 
distribution of the cross-sectional nacre in abalone shell, and help to determine 
the approximate locations of the neutral axis (stress-free), tensile, and 
compressive stresses for SPM image and analysis. The stress was calculated 
by the finite element (FE) simulations using the commercial software 
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ABAQUS. The exact geometries arising from the experimental setup were 
used in the FE model.  As the exact dimensions of the samples and mountings 
may differ, such as the initial opening angle and shell thickness, therefore, 
each sample was measured explicitly for its own FE calculations.  During the 
FE simulation, the boundary conditions applied to the model were: (1) the 
center of the epoxy plate is fixed to reduce the rigid motion; (2) loading is 
imposed to the notch at the lower side of plate under displacement-controlled 
conditions. Upon stress exertion, within the shell structure, the soft 
biopolymer will deform first and the hard mineral nanograins may remain 
unchanged. It can be very complex if the responses of different constituents 
are calculated separately. Therefore, the nacre is treated as a homogeneous 
integrated body. In addition, both the epoxy plate and abalone shell sample 
were considered to be linear elastic due to the very small deformation (≤ 1°) in 
the experiments. This is sufficient to provide the estimation of the locations 
where the tensile and compressive stresses are exerted. Table 3.1 summarized 
the detailed material parameters used for simulations.  
 
Table 3.1 Materials properties used in the calculation 
 Young’s Modulus, E (GPa) Poisson’s Ratio, υ 
Epoxy 3.66 0.36 
Abalone Shell 70 (Meyers et al., 2008) 0.32 (Song et al., 2008) 
 
In the FE calculations, the epoxy plate and abalone shell sample were 
both modeled with three-node linear triangular elements (C2D3). The sizes of 
the elements in the vicinity of the notch-tip area were refined carefully 
because of the strong stress gradient. Furthermore, to accurately capture the 
stress variation, the size of the elements within the sample was set to be 1/12 
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times of the sample thickness. The validation and convergence of the mesh 
size described above were confirmed in the simulations. The stress distribution 
was found to change linearly with the position in the shell cross-section. The 
neutral axis is near the central line of the cross-section. In other words, the 
outermost shell exhibits the maximum tensile stress while the innermost shell 
exhibits the maximum compressive stress (refers to Fig. 3.2). The tensile stress 
can reach to about 150 MPa at the outer shell surface and the compressive 
stress can reach to 140 MPa at the inner shell surface. Nevertheless, the stress 
state of the nacre sample can be multi-axial during the application of loading. 
However, the stress components including shear stress and the axial stress in 
y-direction were found to be much smaller than that of the axial stress in x-
direction, especially in the middle region of sample. Therefore, in this work, 
only the axial stress component was employed to confirm the neutral axis. Fig. 
3.3 shows the complete stress distribution with Δθ ≈ 1º at different positions of 
the cross-sectional surface of nacre.  This setup was then placed inside the 
SPM machine for in-situ piezoelectric and ferroelectric studies. 
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Fig. 3.3 Stress distribution on the cross-sectional abalone shell sample surface 
determined by FE computation. The curve is displayed as stress vs. positions, 
while the position is measured with respect to the upper/outer shell surface. 
  
3.3 Morphology Characterization 
3.3.1 Field Emission Scanning Electron Microscopy (FE-SEM) 
FE-SEM is a vastly used characterization tool to observe surface 
morphologies of various kinds of materials. It works in a way of shooting 
electrons to a conductive surface and secondary or backscattered electrons are 
collected by detector and form images. For this study, as the mollusk shells are 
isolators, each sample was coated with a thin gold film by a gold sputter 
(JEOL JFC 1200, Japan) before the observation by using FE-SEM (Hitachi 
4300, Japan). Two kinds of surface were studied: polished and fractured. The 
polished surface was flat and smooth, which leads to little or no contrast in the 
images. To overcome this difficulty, the polished surface was sonicated in 
EDTA solution for about 15 minutes to remove partial of the CaCO3 on 
sample surface (Pokroy and Zolotoyabko, 2003). The sample was then 
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thoroughly rinsed by DI water. By this method, shell microstructure was 
revealed clearly. On the other hand, the fractured surface was easily obtained 
by either hand breaking or impacting fracture of the shells.  
 
3.3.2 AFM 
AFM is usually the primary choice to observe high resolution 
nanoscale image of surface morphology. A commercial AFM (MPF-3D, 
Asylum Research, US) was used for this observation. AC-mode or tapping 
mode was used in experiments to preserve both sample and tip. This mode 
also has higher resolution than that of the contact mode. Besides topography, 
AC-mode generates a phase image that represents the tip-sample energy 
dissipation. Under the AC-mode, repulsive regime (phase angle < 90°) was 
usually maintained. Scan speed was varied between 0.5~2 Hz. As mollusk 
shell samples have hard surfaces, the probe for AC-mode scanning was chosen 
with nominal stiffness of either 7.4 N/m (PPP-NCSTPt, Nanosensors, 
Switzerland) or 42N/m (NCHPt, Nanosensors, Switzerland). 
 
3.4 Mechanical Properties Characterization 
3.4.1 Microhardness Test 
Indentations by microhardness tester (Shimadzu HMV-2) were used 
primarily for two purposes. First is to measure the microhardness of mollusk 
shell in various location and orientations. Second is to make defects on sample 
surface for shell healing studies. For this test, the loading duration was 15 
seconds and indenting force was in the range of 98.07 mN~4.90 N. 
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3.4.2 CR-FM 
CR-FM is a powerful technique to quantify true nanoscale mechanical 
properties of a material in a nondestructive way, which is unachievable by 
other techniques. In this study, the elasticity mapping of the abalone shell was 
obtained by this method. Magnesium and silicon dioxide were chosen as 
reference materials because these two materials have the same order of 
stiffness as that of the abalone shell. The elastic moduli of reference materials 
were characterized by nanoindentation CSM tests (serviced by Institute of 
Materials Research and Engineering, Singapore). Scanning was conducted by 
a silicon probe (AC200TS, Olympus, Japan) whose nominal stiffness is 9.7 
N/m and tip radius is 9±2 nm. For this probe, the tip is located just at the end 
of the cantilever. Its first resonance in air is around 157 kHz, and Q-factor is 
around 328. Each set of experiments was started with cantilever calibration by 
an improved thermal noise method (Proksch et al., 2004), and followed with 
examination of reference materials. After that, shell sample was tested, and 
finally reference materials were examined again. Contact forces between the 
tip and sample were maintained at 100~200 nN. After collecting necessary 
data, the quantification of local elastic modulus of abalone shell was 
accomplished by the method proposed by Killgore et al. (2011b). The 
configuration used in the experiment is that the oscillation is supplied from a 
resonator underneath the sample. Contact stiffness and contact damping are 
firstly converted from contact resonance frequencies of the cantilever. 
Afterwards, the reduced elastic modulus is calculated from contact stiffness 
based on Hertzian contact model. By assuming tip properties, the Young’s 
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modulus of sample can be calculated. For the measurement in this study, all of 
the data were collected at the first contact resonance frequency. 
 
3.5 Nanoscale Piezoelectric Properties Characterization by PFM 
3.5.1 Domain Imaging 
PFM is one particular mode of the commercial AFM as mentioned 
earlier. It is used to scan images which reveal piezoresponse variations in the 
area. Images were scanned near the contact resonance frequency to amplify 
the detectable signals. To closely track the contact resonance frequency shifts 
caused by surface roughness, DART method (Gannepalli et al., 2011) is 
usually used. For 2D or 3D PFM images, to ensure the corresponding 
locations of vertical and lateral piezoresponse, single frequency PFM is used 
due to the limited number of data channels. The requirement of good contact 
resonance frequency tracking in PFM usually leads to slow scan rate (0.5 Hz 
or even slower). Finally, DSHO fitting was applied to PFM raw images to 
transfer the detected response of cantilever to the true response of sample 
surface. The pixels that cannot be fitted by the DSHO approach are 
highlighted by red color. Probe used for PFM observation has conductive tip. 
Cantilever with nominal stiffness of 7.4 N/m (PPP-NCSTPt, Nanosensors, 
Switzerland) was chosen. To clearly observe nano-domains, scan size for PFM 
measurement was usually less than 2×2 μm2. Resolution is either 256×256 or 
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3.5.2 Piezoelectric Constant dzz  
Piezoelectric constant dzz is an indicator of the strength of 
piezoelectricity of a material (the extent of vertical deformation induced by 
electric field in the same direction). Two different methods were adopted to 
characterize this value. One was based on image, and the other was based on 
single point observation (scan size < tip radius). Both methods required PFM 
imaging with gradual increment of drive amplitude Vac, i.e. the AC electric 
field applied to sample surface. The corresponding sample responsive 
amplitudes (mechanical deformation in the unit of pm) were plotted against 
the AC voltages. The slope of this curve, which is expected to be linear, was 
the value of dzz of which the dimension is pm/V. In addition, if the cantilever 
was calibrated (known sensitivity) before PFM imaging, the calculated dzz can 
be quantified by the DSHO fitting. Otherwise, only semi-quantified effective 
dzz
eff can be obtained because of the convoluted magnifying factor with the 
amplitude.  
 
3.5.3 BE-PFM imaging 
BE is the method using a frequency band to closely track the shift of 
contact resonance frequency. Combined with PFM, local piezoresponse, 
polarization orientation, relative stiffness, and relative energy loss can be 
quantified. It works in the way exactly same as the normal PFM, except that 
the drive signal has multiple frequencies. In this study, an exponential chirp 
waveform with 512 waveform points was used as the excitation signal. Chirp 
is one of the most common band excitation signals (Fig. 3.4). It is defined as:  
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)sin( 2mtEchirp             (E3.1) 
where chirpE is the band excitation electric drive signal, m is the control 
parameter in units of rad/s2, and t is the time measured in second.  
 
Fig. 3.4  (a) Chirp excitation signal that can be represented as a sinusoidal 
excitation (in time domain), (b) with linearly varying frequency (in the 
frequency domain after Fourier transformation). Reproduced from Jesse et al. 
(2007).  
 
In practice, chirp signals are modified such that they gradually increase 
and decrease in amplitude by multiplying an envelope function, in order to 
prevent any artificial peaks caused by the sharp oscillations in the frequency 
spectrum, especially near the frequency cutoff at the signals used in the BE 
method (Fig. 3.5) (Kareem and Solares, 2012). In this study, the excitation 
bandwidth was 20 kHz. Thus, the drive frequency range was fixed around 700 
~ 720 kHz. Drive amplitude was 4 Vac. 
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Fig. 3.5 Example of chirp function modified by envelop function in practice.  
 
3.6 Local Ferroelectric Hysteresis Loop Observation by SS-PFM 
SS-PFM is an advanced PFM technique to acquire ferroelectric 
hysteresis loops locally. The probe used for this technique need to be 
conductive and flexible enough. Thus, conductive cantilever with nominal 
stiffness of 2 N/m (AC240TM, Olympus, Japan) was used. A high-voltage 
attachment (maximum ±220 V) is required to supply voltage higher than 10 V. 
The proper value of bias window depends on material and sample orientation. 
The DC electric pulse is triangle-square wave as described by Jesse, Baddorf, 
and Kalinin (2006). The time duration of each square pulse was 24.5 ms, and 
one complete triangle cycle took 10 seconds. Each bias cycle started at 0 Vdc, 
and at least two cycles were recorded at each location. Remanent (DC bias off) 
ferroelectric hysteresis loops were recorded and studied. 
 
3.7 Thermogravimetric Analysis (TGA) and Differential Thermal 
Analysis (DTA) 
Thermal analysis is a technique to detect inter/intra-molecular 
interactions of a material when it is exposed to temperature change. TGA 
measures the mass change of a specimen as a function of temperature and time 
under a controlled atmosphere. DTA measures the temperature difference of 
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the specimen caused by thermal events in a material. It complements TGA 
data with phase transition information. In this study, TGA/DTA tests of 
mollusk shell were conducted by DTG-60H Simultaneous DTA-TG apparatus 
(Shimadzu, Japan). Experiments were conducted in air atmosphere, and 
temperature rises from room temperature to 900°C with a rate of 10°C/min. 
The purpose of this test is to find the trace of biopolymer degradations with 
temperature, which can be used for high temperature PFM imaging or heat 
treatment of the mollusk shell samples. 
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CHAPTER 4 Structure and Mechanical Properties of 
Abalone and Clam Shells 
 
This chapter presents detailed descriptions of multilevel structures of 
abalone and clam shells from microscale to nanoscale. FE-SEM and AFM 
were used to observe these structures. In addition, the nanoscale elasticity 
mappings of abalone shell by using DART CR-FM are presented as well.  
 
4.1 Nano- to Micro-Structure of Abalone Shell 
The microscopic hierarchical structures of abalone shell have been 
extensively studied as described in the literature review chapter. The 
nanoscale structures of polished fresh abalone shell are particularly discussed 
in this section. Fig. 4.1 shows AC-mode AFM images of cross-sectional 
surface, inner (nacre) and outer (calcite) surfaces of abalone shell. By 
controlled polishing of irregular outer surface of the abalone shell, the 
transition regions from nacre to calcite also can be visualized on the same 
surface [Fig. 4.1(a)].  
Nacre nanostructure is presented in Figs. 4.1(b), (c) and (d). Several 
interesting features can be observed. Firstly, on the cross-sectional nacre 
surface, the “brick-and-mortar” structure can be clearly identified. However, 
bulging bridges/layers can be visualized near the biopolymer layers. It is the 
particular feature of polished nacre. The thickness of these bridges is mainly 
affected by polishing direction with respect to the z-axis of the aragonite 
platelet. If the polished surface is perfectly parallel to z-axis of platelets, which 
is difficult to achieve, the bridge is the thinnest or even disappears. This 
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phenomenon brings the idea that the mechanical properties of the junction 
between mineral and interlamellar biopolymer may differ from the other part 
of the structure. This junction is more resistant to the shear stress induced by 
polishing, or the bonding at this region is much stronger than that in the other 
regions. Secondly, the whole image appears to be composed by large numbers 
of nanograins.  They can be visualized more clearly in the phase image [Fig. 
4.1(c)]. Contrast of the phase image is constructed based on the material 
property variations. The phase image (phase lag) is recorded under repulsive 
force regime indicated by the phase angle which is less than 90°. Thus, the 
brighter pixels indicate more energy dissipation, and these regions surround 
the nanograins. Generally, this type of response represents softer materials if 
the dissipation is due to repulsive viscoelastic interaction or more hydrophilic 
surface if the dissipation is from water capillary hysteresis (Sahagun et al., 
2007). In the second case, the phase image can be regarded as a surface 
hydrophobicity map for biological samples. No matter in which case, these 
regions are expected to be the biopolymers. Thus, the biopolymers and 
mineral phases can be differentiated to certain extent from the phase image. 
Lastly, platelets with different sizes and shapes can be clearly seen in Fig. 
4.1(d). Some polishing marks strike through the platelets. The intertabular 
biopolymers that supposed to locate at platelets boundaries may be detached 
due to the polishing process.  
On the other hand, calcite nanostructure is presented in Figs. 4.1(e), (f) 
and (g). The whole cross-sectional surface is composed by elongated needle-
shape nanograins [Fig. 4.1(e)], which are also embedded in the biopolymer 
matrix. All of these nanograins have similar physical orientation. The whole 
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surface seems more uniform than that of the cross-section surface of nacre. In 
addition, Fig. 4.1(g) illustrates the calcite surface that composed by oval 
nanograins. The grain size is larger than that of nacre. The bright and dark 
regions may be from the different prisms.  
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Fig. 4.1 Micro- and nano-structures of abalone shell. (a) height image of the 
region showing transition between nacre and calcite, (b) height image of cross-
sectional nacre, (c) phase image of cross-sectional nacre, (d) height image of 
nacre surface, (e) height image of cross-sectional calcite, (f) phase image of 
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4.2 Nano- to Micro-Structure of Clam shell 
 
Fig. 4.2 Hierarchical structures of clamshell observed by FE-SEM: (a) Overall 
structure of entire cross-sectional clamshell; (b) 1st level structure in the region 
“1” of the Fig. (a); (c) 2nd level structure in region “1” of the Fig. (a), it is 
composed of 3rd level lamellar/needles; (d) Concentrated packing of needles at 
region “2” of the Fig. (a); (e) Enlarged microstructure at region “3” of the Fig. 
(a) – transition region from outer shell to inner shell; and (f) Enlarged micro-
structure at region “4” of the Fig. (a) – inner translucent region. 
 
From the FE-SEM observations (Fig. 4.2), two types of macroscopic 
sections are clearly visible on the cross-sectional surface of partially 
decalcified clam shell, i.e., the concentric hemi-ellipse patterns near the outer 
surface, and the parallel straight-line patterns near the inner surface of the 
clam shell [Fig. 4.2(a)]. There are also wavy patterns cutting through the 
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concentric hemi-ellipses. Under higher magnification, four levels of 
hierarchical structures can be observed. The 1st level laminas are clearly 
revealed in Fig. 4.2(b) [corresponding to the position “1” in Fig. 4.2(a)]. 
Different from the stacked single-orientated layers in nacre, the structure of 
clam shell near outer surface is in cross-lamella fashion, which leads to the 
similar microscale structure when viewed from the outer shell surface and the 
cross-sectional surface. Within each 1st level lamina, there are similarly 
oriented close-packed 2nd level laminas, and they are found to be reoriented by 
about 90° in the neighboring 1st level lamina. In addition, the 3rd level 
structure [indicated by the solid rectangle in Fig. 4.2(c)] is tightly packed 
laminas or needles along their short axis to form a single 2nd order lamina 
[indicated by the dotted rectangle in Fig. 4.2(c)]. The 4th level or the highest 
order of the hierarchical structure observed in clam shell is the oval grains that 
compose each of the 3rd level structure. Moreover, at the position “2” in Fig. 
4.2(a), i.e., the arc enclosed region, needle-shape crystals are found pointing 
towards the center of the arcs [Fig. 4.2(d)]. At the position “3” in Fig. 4.2(a), 
which is the transition between the outer and inner shell, repeated inter-
crossed crystal patterns can be observed [Fig. 4.2(e)]. Finally, at the position 
“4” in Fig. 4.2(a), the levels of hierarchies are greatly reduced, and only the 
inter-crossed needles can be identified [Fig. 4.2(f)]. The arrangement of 
crystals becomes relatively uniform in this region. The differences in crystal 
arrangements between the inner and outer shells cause their distinct 
appearance in transparency.  
In addition, both decalcified and deproteinated samples are examined. 
The biopolymers are primarily found between the 2nd level laminas as showed 
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by decalcified sample in Fig. 4.3(a). For deproteinated sample, Fig. 4.3(b) 
shows that the biopolymers between the 2nd level laminas are now removed 
and the nanograins are more clearly visible. In Fig. 4.3(c), it shows many 
highly localized smooth facets, which are not observed from decalcified 
sample. It can be the detachments of close-packed mineral grains from the 
sample surface due to the removal of the biopolymers, which is the joining 
media between the mineral particles. Therefore, biopolymers in clam shell 
should be existed between the 2nd level lamellas, as well as within the 3rd and 
even the 4th level of structures.  
 
 
Fig. 4.3 FE-SEM images to reveal the biopolymer distributions. (a) cross-
sectional surface of the decalcified clam shell (transition region close to outer 
shell), (b) microstructure of deproteinated cross-sectional clam shell near the 
inner surface, and (c) microstructure of deproteinated outer shell surface. 
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The nanoscale structure of fine polished clam shell images by AFM is 
illustrated in Fig. 4.4. Compared to that of the abalone shell, clam shell has 
more uniform structure. The topographic images are similar in several 
observation directions and locations, except the inner layer when observed 




Fig. 4.4 Topographic images observed from (a) cross-sectional surface at the 
outer layer, (b) outer shell surface, (c) cross-sectional surface at inner layer, 
and (d) inner shell surface. Scan size of (a) and (b) is 1×1 μm2, and for (c) and 
(d) is 2×2 μm2. 
 
4.3 Nanoscale Elastic Modulus Mapping of Abalone shell on the 
Nanoscale by CR-FM  
To the best knowledge of the author, only one paper reported the 
nanoscale elastic modulus of mollusk shell characterized by CR-FM technique 
(Moshe-Drezner et al., 2010). In that study, the cross-section of nacre from a 
bivalve shell has been studied. The elastic modulus of the interlamellar 
biopolymers or β-chitin was reported to be 40 GPa. Moreover, from the 
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accumulated modulus maps, the gradual changes of elastic modulus in the 
aragonite tablets near the mineral/polymer interfaces were revealed. The 
regions of modulus changes are approximately four times larger than the 
thickness of the interlamellar biopolymer layers (~30 nm). However, Moshe-
Drezner’s study did not provide clear true nanoscale modulus mapping of the 
mineral grain and intracrystalline biopolymers.  
On the other hand, in this thesis, abalone shell was studied using the 
CR-FM method in the direction normal to the outer shell surface. During the 
polishing process, the outer calcite can be gradually removed, and the 
underlying nacre can be exposed. Due to the uneven outer surface of the 
abalone shell, there are certain regions that the transition line between the 
calcite and nacre [as illustrated in Fig. 4.1(a)] can be exposed. Thus, the elastic 
modulus and loss tangent of calcite, nacre, and their transition regions were 
characterized and compared. These studies have not been reported and 
discussed in any literature. The details of experimental procedures were 
presented in Chapter 3. To validate the analysis method, the critical 
experimental settings are listed in the following: 
(a) Applied static force is larger than the adhesion force between tip and 
samples. 
(b) Ensure elastic material response by not using too large loading force. 
In addition, the assumptions used in the elastic modulus calculation are 
listed below (the data analytical method was described in section 2.3.2 in 
detail): 
(i) Material properties of Si cantilever: E=165 GPa, and ν=0.3; 
(ii) Poissons’ ratio of mollusk shell = 0.3; 
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(iii) Lateral coupling is neglected; 
(iv) Reference samples are homogeneous in both lateral and depth extent; 
and 
(v) Small damping evaluated by an > 50bn. 
 
4.3.1 Stiffness and Loss Tangent Mappings of Calcite  
The most intriguing feature of CR-FM is the ability to give a 
nanometer or even sub-nanometer mapping of semi-quantified or quantified 
elastic modulus of the tested materials, depending on how accurate the 
experimental conditions can be controlled. Fig. 4.5 illustrates the DART CR-
FM mappings of calcite surface under different mechanical loading forces. 
Larger loading force leads to larger tip contact area and more deeply 
penetrated stress field. However, tip wear is severe under large loading force, 
which can lead to high adhesion force. Moreover, contact radius varies 
continuously with scanned distance for both stiff and compliant cantilevers 
(Killgore, Geiss and Hurley, 2011). Contact radius is another critical 
parameters to quantify the elastic modulus from the CR-FM measurements 
(Hurley, 2010). The use of reference material eliminates the need to 
characterize contact radius directly by applying the same loading force on both 
sample and reference materials. However, duo to the continuous tip wear, the 
contact radius for sample and reference material can never be the same in 
reality, which is an important obstacle on the quantification of elastic 
modulus. To reduce the contact radius variation, in this work the loading force 
for all measurements is maintained to be less than 200 nN. Larger contact 
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radius can be directly identified from the height images, indicated by blurrier 
image and less detail features [Figs. 4.5(d) and (g) compared to (a)].  
The extent of stress field depends on the stiffness of the tip and sample, 
the size and shape of the tip, as well as the applied force. If stress field extends 
deeply enough to probe an inclusion in the subsurface, and the stiffness of the 
inclusion is different from that of the surrounding matrix, the stiffness of the 
surface will be locally changed (Killgore et al., 2011b). If assuming Hertzian 
contact, the probed volume of materials is approximately three times of the 
contact radius in depth and diameter (Campbell, Ferguson and Hurley, 2012). 
As mollusk shells are nanocomposite, the stress field extent right below the 
AFM tip may contain alternating stacks of nanograins and biopolymers. Thus, 
stiffness obtained from different loading force may actually measure 
properties from surface to sub-surface materials. CR-FM is sensitive to surface 
roughness. But there is no strong correlation between height and modulus 
images, which indicates minimum topographic crosstalk.  
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Fig. 4.5 CR-FM images (height, reduced modulus and loss tangent) of calcite 
surface at the same location with different loading forces: (a-c) 100 nN, (d-f) 
150 nN, and (g-i) 200nN. Scan size is 600×600 nm2. 
 
The mean elastic modulus of calcite that calculated from CR-FM 
measurement by assuming tip properties (i.e., E=165GPa, υ=0.3) is 66.52, 
70.77, and 60.55 GPa respectively under the loading force of 100, 150, and 
200 nN. The contrast of materials modulus, reduced modulus and frequency 
mapping images are identical regardless of the unit and the exact values.  
The modulus and loss tangent contrasts observed under 100 nN is 
dramatically different from those obtained under 150 and 200 nN. With 100 
nN loading force, only properties very near sample surface are measured. The 
least stiff region [dark-color in Fig. 4.5(b)] occupies about 18% area of the 
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scanned surface and has modulus value of about 60 GPa. These regions do not 
have direct correspondence with the height image, they are distributed on both 
nanograins and grain boundaries. However, the less-stiff response should be 
originated from biopolymer contents. Thus, these less stiff regions should have 
more amount or volume of concentrated biopolymers, in both lateral and 
vertical extent. When loading force is increased to 150 and 200 nN, the 
measurement is more on the bulk property of calcite. Thus, their contrast are 
very similar. When probed the subsurface, the initially soft region become 
stiffer compared to the neighbor materials [circled in Figs. 4.5(b), (e) and (h)], 
which may be due to the stress field extents deeper to a level where nanograins 
are located. On the other hand, brighter contrast or stiffer regions at grain 
boundaries are evolved under large loading force [pointed by arrows in Figs. 
4.5(b), (e) and (h)]. Biopolymers are expected to be located at these regions 
under loading-free condition. Large loading force can slight press the 
nanograins into the intracrystalline biopolymer matrix, and the biopolymers 
may be squeezed out near the grain boundaries. When scanning these regions, 
the squeezed out biopolymers together with the surrounded nanograins may 
show the highest stiffness.  
In addition, loss tangent (tan δ) indicates damping condition. The 
measurements of tan δ are not relied on referencing or calibration technique 
(Campbell, Ferguson and Hurley, 2012). It was found that the tan δ mapping 
has invers contrast compared to that of the modulus mapping. It is reasonable 
because soft material may absorb or dissipate more energy when interacts with 
AFM tip, whereas hard material preserves more energy when the tip-sample 
interaction is concerned.  
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Generally speaking, calcite in abalone shell is a non-homogeneous 
material. Its stiffness varies from location to location. The maximum elastic 
modulus difference in this particular region is more than 10 GPa. It is proved 
that the CR-FM mapping can evidently reveal such difference on the 
nanoscale, which is unachievable by other techniques, such as nanoindentation 
tests.  
 
4.3.2 Stiffness and Loss Tangent Mappings of Nacre 
The similar CR-FM measurements were also conducted on nacre 
surface. The DART CR-FM mappings under different loading forces are 
illustrated in Fig. 4.6. Under the same experimental conditions, the mean 
elastic moduli of nacre (aragonite) are 60.87, 67.63, and 57.24 GPa 
respectively under loading force of 100, 150 and 200 nN. Overall nacre is 
softer than calcite. The modulus values determined from CR-FM measurement 
are very similar to the bulk properties of nacre reported in the literature 
(Heinemann et al., 2011). The average modulus and loss tangent of both nacre 
and calcite are summarized in Table 4.1 for convenient comparison.  
Different from that of the calcite, it is noticed that some areas are 
highlighted by red-color in Figs. 4.6(b), (e) and (h), and correspondingly 
black-color in Figs. 4.6(c), (f) and (i). These red-color indicates the non-
applicable of the modulus calculation method described before. They are 
directly caused by the extremely low values of raw amplitude data, which 
indicates large damping that violates the assumption (v) (page 61). These 
regions may also indicate plastic deformation. Most of the red-color areas are 
located at the voids on the scanned surface, which may correspond to the 
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biopolymers. The amount of red-color area is gradually reduced with 
increased loading force, and this may be due to the extended stress field that 
start to include the subsurface nanograins. There are no significance contrast 
differences in the modulus mapping of the nacre among different loading 
forces. However, the area percentage of stiffer regions [indicated by white-
color in Figs. 4.6(b), (e) and (h)] in nacre is higher than that in the calcite, 
which may be due to more biopolymer contents in nacre. Similar to calcite, 
nacre is also a kind of non-homogenous nanocomposite material, whose 
maximum modulus difference is about 15 GPa within the scanned surface.  
 
 
Fig. 4.6 CR-FM images (height, reduced modulus and loss tangent) of nacre 
surface at the same location with different loading forces: (a-c) 100 nN, (d-f) 
150 nN, and (g-i) 200nN. Scan size is 600×600 nm2. 
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Table 4.1 Average elastic modulus and loss tangent of calcite and nacre under 
various loading force. (Extracted from n=65536 data points) “R”- reduced 
elastic modulus; “S”- material elastic modulus 
 Elastic Modulus (GPa) Loss Tangent (tan δ) 
Force 
(nN) 
100 150 200 100 150 200 





±0.0054 Calcite-S 65.43±2.57 69.34±2.38 59.30±2.55 





±0.0216 Nacre-S 64.08±3.07 66.61±2.95 56.27±2.61 
 
 
In addition, the cross-sectional nacre has also been characterized (Fig. 
4.7). However, due to the much higher roughness, defects are always 
associated with the DART CR-FM mappings, and higher loading force is 
required to obtain a relatively decent image. Bulging layers are again shown in 
this set of images. Near the bulging layer there are regions having low 
stiffness and high tan δ. They are expected to be the interlamellar 
biopolymers. Inside each platelet, nanograins can be identified on the height 
images. Similar to that of nacre surface, white-color area that surrounded 
mineral grains also appear on the cross-sectional nacre. The full range of 
stiffness values observed from both nacre surface and cross-sectional surface 
of nacre are similar. Therefore, the nanoscale stiffness is directional 
independent because at this scale only the highest level of hierarchical 
structure are measured and characterized. The main factors affect the stiffness 
mapping are the different chemical compositions, i.e. biopolymer or mineral, 
as well as the volume fraction of the individual component within the stress 
field.  
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Fig. 4.7 DARC CR-FM images of cross-sectional nacre. (a) Height, (b) 
reduced modulus, and (c) loss tangent. Loading force: 450 nN. Scan size: 
0.5×1 µm2 
 
4.3.3 Stiffness Mapping of Calcite-Nacre Transition Region (CNTR) 
The microscale topographic image of the transition region is shown in 
Fig. 4.1(a). The stiffness mappings of the CNTR by DART CR-FM were 
conducted at the regions very close to the boundary line, as enclosed by a 
rectangle in Fig. 4.1(a). Fig. 4.8 shows the DART CR-FM images of the exact 
boundary, as well as the regions slightly offset towards the side of nacre or 
calcite. The surface roughness defined by RMS values of the transition 
boundary is about three times larger than that of nacre or calcite. By 
examining the histogram plot of the reduced modulus mapping [Fig. 4.8(f)], 
calcite-side still has the highest mean modulus value, while nacre-side has the 
similar lower modulus as that of the boundary region. However, when 
compared with that of the calcite and nacre sections far away from the CNTR 
boundary, the regions near CNTR boundary exhibit the smallest modulus, 
which can be one of the reasons to cause more non-calculable data points (red-
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dots in modulus mappings in Fig. 4.8). Therefore, the nature-designed 
transition between the different minerals is generally softer than that of the 
mineral themselves.  
By examining the contrast of the modulus mapping, the transition 
region is even more non-homogenous than that of the pure calcite or nacre, for 
instance, the boundary near nacre side shows discrete regions [enclosed by 
two rectangles in Fig. 4.8(b)] with different modulus value ranges. Moreover, 
similar to that of the calcite and nacre, the stiffened nanograins boundaries 
(white-color area pointed by arrows in Figs. 4.5 and 4.6) can also be identified 
in the modulus mappings. The regions having dark-contrast or lower modulus 
are expected to be biopolymer concentrated area.  
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Fig. 4.8 DRAT CR-FM mappings of CNTR region, including height, reduced 
modulus, and loss tangent. Loading force: 150 nN. Scan size: 800×800 nm2. 
The histograms of modulus mappings [(b) (e) and (h)] data are plotted together 
in (j).  
 
4.3.4 Stiffness Mapping of Deproteinated Abalone Shell  
To further verify the previous findings, the same shell sample 
underwent chemical treatment to remove biopolymers near the sample surface. 
Fig. 4.9 shows the DART CR-FM mappings with the exactly same settings as 
those used for fresh shell sample. After protein removal, the elastic modulus of 
nacre is increased significantly (about 10 GPa) compared to that of the fresh 
nacre surface under the same loading force. On the other hand, the elastic 
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modulus of the calcite is not increased much probably due to the small amount 
of polymer contents in the calcite region. Eventually, calcite and nacre regions 
show the similar values of the mean elastic modulus in the scanned surface. As 
expected, the elastic modulus is increased after deproteinated treatment on 
abalone shell. Furthermore, the extent of stiffened nanograin boundaries under 
relatively high loading force is reduced. It suggests that biopolymers may be 
contributed to the high stiffness of those regions in the fresh shell sample.  
 
Fig. 4.9 DART CR-FM reduced modulus and loss tangent mapping of 
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4.4 Summary  
This chapter presented the hierarchical structures of both abalone and 
clam shells from micro- to nano-levels. The smallest feature of mollusk shells 
are the nanograins which are usually embedded in the biopolymer matrix. 
More importantly, the nanoscale elastic modulus and loss tangent mappings of 
the abalone shell have been obtained by using DART CR-FM method. Based 
on these mappings, it was found that the mollusk shell is highly non-
homogenous material with the stiffness varied nearly point to point. This 
variation can only be observed by the CR-FM method. The fresh calcite and 
nacre, and NCTR boundary have been characterized. The NCTR boundary 
show much lower stiffness than those in other regions. The stiffness of nacre 
determined by this method is similar to that reported in literature. 
Furthermore, stiffening effect at nanograin boundaries under large loading 
force has been identified. It is believed that the biopolymers play roles in this 
effect based on the observations from deproteinated abalone shell. However, 
the results presented in this chapter is only semi-quantified. Many factors may 
affect the full quantification, for instance, the continuous change of tip radius 
and the choice of reference sample. Nevertheless, it is worth to conduct CR-
FM tests on calcified tissues to give more valuable nanoscale mechanical 
information for better understanding of the material performance.  
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CHAPTER 5 Biopiezoelectric Properties of Abalone and 
Clam Shells Studied by PFM 
 
This chapter presents the determination and analysis of the 
biopiezoelectric properties of both abalone and clam shells, including the 
analysis of nanoscale PFM images, and the observation of piezoelectric 
constant dzz. In addition, shells with proteins removed have also been studied 
and compared to those from the fresh shell. Lastly, the comparative studies of 
vertical and lateral piezoresponses of the abalone shell are presented. In this 
chapter, the piezoresponse observations were conducted on two surfaces: the 
cross-sectional surface and the outer or inner shell surface (i.e. platelet 
surface).  
 
5.1 Biopiezoresponse of Abalone Shell 
5.1.1 Electric Field Induced Topographic Change 
It has been reported that the rotation and deformation of aragonite 
cobble-like polygonal nanoparticles are the two prominent mechanisms 
contributing to energy dissipation in abalone shell, and the biopolymer 
facilitates the particle rotation process (Li et al., 2004). In our studies, it has 
been found that this rotation and deformation of the aragonite nanoparticles 
can also be triggered by external electric field. By using DART-PFM, it is 
found that the nanograins of abalone shell are deformed and enlarged with 
increasing drive amplitude Vac, as illustrated in Figs. 5.1(a)–(d).   
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Fig. 5.1 Topographic images in the same scanning area. The drive amplitude 
is increased from 1.5 Vac for image (a) to 3 Vac for image (d), with 0.5 Vac 
step. The mean heights of images (a)-(d) are -87.45 pm, -80.65 pm, -58.34 pm 
and -50.93 pm respectively. 
 
The mean heights of the images is found to be increased almost 
linearly with the applied AC voltage, which demonstrates the piezoelectric 
deformation of the abalone shell structures.  Therefore, the deformation and 
rotation of nanoparticles can be initiated by either mechanical stress or electric 
ﬁeld.  As the shells show piezoelectric properties, the electric ﬁeld can be 
generated by mechanical stress, or vice versa, the mechanical stress can be 
generated by electric ﬁeld. Furthermore, it is also noticed that the scratch mark 
in Fig. 5.1(a) (indicated by an arrow) gradually disappears with the increases 
of the applied voltage. This phenomenon reveals the potential of the self-
healing behavior of the abalone shell under an external electric ﬁeld or being 
generated by the external mechanical stress. Since PFM uses inverse 
piezoelectric principle, this means that the mechanical stress can generate an 
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electrical ﬁeld, and the electrical ﬁeld can cause particle deformation and 
rotation as well as possible crack or damage healing by this structure.  The 
results further suggest that the toughness and strength of abalone shell may be 
also related to its intrinsic piezoelectric properties. 
 
5.1.2 Piezoresponse and Domains Revealed from PFM Images 
It is generally accepted that the organic constituents (mainly proteins 
and polysaccharides) are responsible for the piezoelectric behavior in 
biological material, owing to its large and complex molecular structure. The 
majority of the organic phases are water insoluble (Nudelman et al., 2007), 
and are mostly concentrated between the mineral layers in nacre. The ﬁrst 
protein in the abalone shell is identified as the large multidomain protein 
Lustrin A by sequence analysis (Treccani et al., 2006), this protein provides 
adhesion between the platelets. Other constituents include aspartic acid, 
glutamic acid and serine. In addition, glycine and alanine are also found in the 
abalone shell. The bonding between the interlamellar biopolymer and 
aragonite platelets is based on the Ca2+ ions from the (001) plane of aragonite 
which attach to an aspartic acid-rich protein. The high chitin content β-sheets 
are the core layers of organic phase with branched aspartic-rich acid (Lin and 
Meyers, 2005).  
In our studies, piezoresponse are found on almost the entire scanned 
surface, but unevenly distributed regardless of the surfaces studied (Fig. 5.2). 
In most cases, two types of distinguishable domains can be identiﬁed on the 
phase images (yellow vs. green). From the amplitude images, it is found that 
one type of the domain has dramatically larger piezoresponse than the other, 
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and this type of domain is only small portion of the scanned area. Therefore, 
this type of domain (yellow-color) is expected to be the organic phase 
concentrated regions.  
 
 
Fig. 5.2 Three sets of DSHO fitted DART-PFM images of abalone shells.1st 
column (800×800 nm2): observed from cross-sectional surface with one 
interlamellar biopolymer layer; 2nd and 3rd column (400×400 nm2): observed 
from the interior and boundary of platelet on the nacre surface. (a) (d) and (g) 
are height images, (b) (e) and (h) are amplitude images, and (c) (f) and (i) are 
phase images. (probe: AC240TM, kc = 2.37 N/m) 
 
The three sets of PFM images in Fig. 5.2 are scanned with the same 
settings. The phase image contrast is quite consistent with amplitude image 
contrast, which also helps to differentiate regions of micro-constituents with 
different piezoresponse. The phase lag of green-color domain is always 
smaller than that from the yellow-color domain. Without knowing the crystal 
Set 1 Set 2 Set 3 
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orientations of shell samples, only the phase difference can be quantified in 
this case. The phase angle difference between the green-color and yellow-
color domains are 13°, 60°, and 46° for image sets 1, 2, and 3 respectively. In 
addition, there is no abrupt domain walls between these two types of domains; 
large gradual phase transition regions always exist between them. Moreover, 
the yellow-color domains between the nanograins are always found oriented 
along the direction which is about 60° to the interlamellar biopolymer layer on 
the cross-sectional surface [Fig. 5.2(b)]. From amplitude images [Figs. 5.2(b), 
(e), (h)], the strongest piezoresponse are mostly conﬁned at the regions of 
interlamellar biopolymer layer and the boundaries between the aragonite 
platelets in a single mineral layer. However, a continuous single layer with 
strong piezoresponse does not exist. This is probably due to the displacement 
of the organic phase to the adjacent mineral grains during polishing. 
Theoretically-speaking, CaCO3 should not show any piezoresponse due to its 
centrosymmetric structure, however in the PFM images, it is found that most 
nanograins also exhibit piezoresponse on both examined surfaces, but much 
weaker. The amplitudes are generally ﬁve times smaller than those of the 
organic concentrated regions. It is believed that these responses may originate 
from the organic phase intercalated within the crystal structure of the CaCO3. 
These organic contents may have different structures or orientations from that 
of the interlamellar biopolymers. Furthermore, some of the nanograins also 
show very strong piezoresponse, which is comparable to that of the organic 
phase. This may be due to the displaced organic phase covering parts of the 
nanograins after polishing. 
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5.1.3 Piezoelectric Constant dzzeff 
In order to obtain an overview of the strength of the piezoresponse of 
the abalone shell, the effective piezoelectric coefficient in the out-of-plane 
direction, dzz
eff, is determined by the image-based method on baby abalone 
shells (4~5 cm). dzz
eff indicates the vertical deformation induced by unit 
voltage, which is also applied in the vertical direction. Many factors may 
affect this value, such as scan size, tip-sample interaction, orientation of 
samples and shell age. In this study, the cantilever is not calibrated. For 
qualitative purposes, dzz
eff is calculated based on the following formula  
ac
eff
zzaczz VdQVdA      (E5.1) 
where A is the raw data of the amplitude measured in pm, Vac is the drive 
voltage, dzz
eff is the slope of a linear fit of the A and Vac curve, and Q is the 
quality factor to enhance the signal strength which equals to 20~100 for 
DART- or BE-PFM (Proksch and Kalinin). The superscript “eff” indicates that 
the value is calculate from the raw data of the amplitude value, i.e., it is not 
fitted with the DSHO model. In this case, the Q factor is convoluted in the 
dzz
eff value. For the polished cross-sectional fresh nacre, dzz
eff is found to be in 
the range of 13~37 pm/V. dzz
eff of the regions near outer shell is relatively 
higher than that of the regions near the inner shell on the cross-sectional 
surface. When observed on the inner shell surface, dzz
eff is found in the range 
of 28~47 pm/V, which is slightly higher than that from the cross-sectional 
surface. For reference, the dzz
eff of X-cut quartz is measured in the same way 
and it is found in the range of 60~90 pm/V. Thus, the piezoelectric constant of 
abalone shell determined by this method is about 1/4 to 1/3 times of that of X-
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cut quartz. Unlike the cross-sectional surface of the abalone shell, it is difficult 
to identify the exact polishing depth in the mollusk shells when polish the 
shell surface. Thus, the “inner” and “outer” are relative depth rather than 
deﬁnite values. In this case, the inner shell showed slightly stronger 
piezoresponse than that of the outer shell region, which is opposite to that 
observed from the cross-sectional surface. Generally speaking, the 
piezoresponse varies with the locations inside abalone shell. The 
piezoresponse is the strongest when observed on the inner shell surface.  
 
5.1.4 Piezoresponse under Relaxed Polishing Stress and Increased Moisture 
Conditions 
After samples are kept in ambient conditions for one day, it is found 
that the value of dzz
eff on the cross-sectional surface of the abalone shell 
changes signiﬁcantly. The dzzeff generally increases with time in the inner-shell 
region, but decreases in the outer-shell region. However, on the shell surface, 
only inner shell exhibits dramatic decrease of the dzz
eff values. These changes 
in dzz
eff may be due to the relaxation of polishing-induced stress and the 
increased moisture content near the sample surface layer. After this 
measurement, the samples were kept in distilled water for an additional four 
days in order to study the effects of increased-moisture on the abalone shell. 
For those samples, the values of dzz
eff decreased to an extremely low values 
regardless of the surface measured. The reason for this signiﬁcant reduction in 
the dzz
eff values may be directly due to the increased water content in the 
sample. The motion of electrically induced ions could neutralize the polar 
response. There are also other possibilities, such as chemical reaction between 
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the constituents in abalone shell and water molecules, and the decay or loss of 
organic constituents. In addition, the analysis of the phase images show 
scattered histogram distribution of polarization directions at low drive voltage, 
which indicates that the abalone shell may have reorganized its polar structure 
in water with the time. When a higher electric voltage is applied, the samples 
show the same behavior as that stored under ambient condition, i.e., the 
dipoles rotate to preferred directions according to their piezoelectric effects. In 
general, after being kept in air or water for a certain period of time, the 
abalone shells have reoriented their constituents or polarizations in order to 
eliminate the polishing-induced stresses and to achieve minimum energy state. 
Apparent changes can even be observed from the topography image. More 
importantly, the abalone shell studied here is no longer a living biological 
system, the entire active responses to external stimuli and environments are 
only the material/structural properties rather than any physiological behavior.  
 
5.2 Comparative Studies of Vertical and Lateral Piezoresponse of 
Abalone Shell 
5.2.1 Response from Inner Surface of Nacre 
Both VPFM and LPFM images are acquired at the same location of the 
inner and cross-sectional surfaces of nacre from a grown abalone shell (7~8 
cm in size) respectively. The drive frequencies used for VPFM and LPFM are 
the first contact resonance frequencies. The vertical and lateral sensitivities are 
calibrated with the inbuilt software (IGOR Pro) coming with the SPM 
machine (MFP-3D) by using force curve and friction loop method 
respectively. The lateral sensitivity was usually found to be 10~20 times larger 
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than the vertical sensitivity due to the dramatically large in-plane optical 
amplification in PFM measurement (Peter et al., 2005). Fig. 5.3 shows the 
orientations and planes stated in this section. In particular, 2D-PFM are 
conducted on the x-z plane for cross-sectional nacre [Fig. 5.3(a)], and on x-z 
and y-z planes for platelet surface [Fig. 5.3(b)]. 
 
Fig. 5.3 Illustration of observing orientations and planes on both cross-
sectional surface (a) and platelet surface (b).  
 
Fig. 5.4 shows the vertical and lateral piezoresponse of nacre observed 
before and after the sample was rotated by 90°. Figs. 5.4(a) and (b) are 
expected to be at the same location. However, the local morphology seems to 
be altered slightly by the applied bias and contact force after repeated PFM 
scans, which makes it difficult to identify the identical topographic patterns. 
Nevertheless, by careful marking, all of the images in Fig. 5.4 were definitely 
taken within the same square region showed in Fig. 5.5(a). Based on the 
DART-VPFM images [Figs. 5.4(c)-(f)], both the amplitude and phase images 
show similar patterns and values before and after the sample rotation by 90°. 
The highest amplitudes (indicated by white-color) are observed to be 
concentrated at the grain boundary regions, which may be originated from the 
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intracrystalline biopolymers. For biopolymers, the most abundant amino acids 
that compose the soluble intracrystalline biopolymers can be the Asx (aspartic 
acid + asparagine), Gsx (glutamic acid + glutamine), proline, glycin, and 
leucin based on various studies from different groups (Heinemann et al., 
2011). All crystals of enantiomorphic (chiral) protein amino acids exhibit a 
piezoelectric activity, except L-glutamine (Lemanov, Popov and Pankova, 
2011). Among these amino acids, pure γ-glycin shows the strongest 
piezoresponse, which is comparable to that of the quartz crystal (Lemanov, 
2000a). Recently, the effective longitudinal piezocoefficient of the as-grown 
γ-glycine microcrystals was found to be about 10 pm/V through the PFM 
measurement (Heredia et al., 2012). Therefore, these amino acids should be 
the foundations of the piezoelectric and ferroelectric response of biopolymers 
in the mollusk shells. In addition, although most biopolymers are 
semicrystalline, if there is good molecular orientation and piezoelectric 
symmetry in the observing directions, the non-crystalline regions can also 
exhibit piezoelectricity (Ando, Fukada and Glimcher, 1977). On the other 
hand, the centrosymmetric CaCO3 should not exhibit any piezoresponse. 
However, some of the nanograins also show relatively high piezoelectric 
amplitude, which may due to the displaced biopolymers after polishing 
process or the intercalated biopolymers within the mineral crystal lattice 
(Pokroy et al., 2006). In the phase images [Figs. 5.4(d) and (f)], the phase 
angle difference between the biopolymers (dark-color) and nanograins 
(yellow-color) is approximately 90°~110°. The non-180° phase difference 
may be due to the lateral component of the polarizations. In general, even after 
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rotating the sample by 90°, the vertical piezoresponse of nacre surface is still 
the same as expected.  
 
 
Fig. 5.4 PFM images obtained at the inner surface of nacre (500×500 nm2, 
256×256 pixels). The two columns on the left-hand side are observed from the 
sample before rotation. The other two columns on the right-hand side are from 
the 90º rotated (counter-clockwise) same platelet. (a) and (b) the 
corresponding topographic images. The 2nd row are DART amplitude [(c) and 
(e)] and phase [(d) and (f)] images in the vertical direction. The 3rd row are the 
DART amplitude [(g) and (i)] and phase [(h) and (j)] images in the lateral 
direction. All of the amplitude images show the piezoresponse at 1 Vac. Last 
row are the magnitude [(k) and (m)] and argument [(l) and (n)] images of 
vector-PFM in the x-z [(k) and (l)], and y-z [(m) and (n)] planes. 
 
Figs. 5.4(g)-(j) show the amplitude and phase images of DART-LPFM 
at the same location as that of the DART-VPFM before and after 90° rotation 
of the sample. The amplitude of the lateral images are found to be in the nm 
level, which is significant larger than the pm level of images observed in the 
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vertical direction. This significant increment of the orders of magnitude is 
originated from the large lateral optical magnification as mentioned earlier. 
Moreover, the LPFM cannot be quantified due to the lack of information of 
the frictional force. The LPFM can only measure the piezoresponse of sample 
in the direction perpendicular to the cantilever long axis. The DART-LPFM 
image patterns observed before and after sample rotation are different, and 
each corresponds to the local topography. Unlike vertical PFM, the lateral 
PFM is more susceptible to the topographic cross-talk. DART method can 
improve the situation, but not eliminate it. The intracrystalline biopolymers 
located between the nanograins still have the strongest piezoresponse even in 
the lateral direction (e.g. white curves pointed by red arrows). The mean 
amplitude value before the sample rotation (the scanning direction is parallel 
to the lamellar orientation) is 1.29 nm/V, which is higher than that observed 
from the rotated sample (1.06 nm/V). Furthermore, the phase angle difference 
between the biopolymers and nanograins is ~22° on both shell surfaces. This 
much smaller angle difference may be due to the restrains from the torsional 
movement of the cantilever and the frictional force between the tip and sample 
surface.  
In addition, the vector PFM images in the x-z and y-z planes are 
obtained by integrating the single frequency VPFM and LPFM images using 
the method proposed by Kalinin et al. (2006b). The vertical piezoresponse 
(vpr) and lateral piezoresponse (lpr) is firstly calculated from their own 
amplitude and phase data by equation E5.1 (Soergel, 2011)     
   )cos(/  acVApr                           (E5.1) 
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Then, the values of vpr and lpr are normalized to the range of (-1,1). The 
magnitude of the 2D vector-PFM is then calculated by A2d = √(vpr2+lpr2), 
while the argument with respect to the vertical or z-axis is defined as θ2d = 
arctan(lpr/vpr). From the magnitude images [Figs. 5.4(k) and (m)], two types 
of responses can be observed. One is from the nanograins (bright color) and 
the other is from the intracrystalline biopolymers located at the grain 
boundaries (dark color). From the argument images [Figs. 5.4(l) and (n)], the 
polarization orientation of biopolymer regions exhibit 1°~2° angle with 
respect to the z-axis. On the other hand, the nanograins have two distinct 
contrasts in Fig. 5.4(l): the white color on the left-hand side of grains, and the 
purple color on the right-hand side of grains. Clear separations between these 
two colors are along the apex of each group of nanograins, which indicates the 
possible topographic cross-talk or artificial effect. These separations of the 
nanograin domains are mainly originated from the lateral PFM observation. 
Similar artificial effect is also observed even when sample is rotated by 90° 
[Fig. 5.4(n)]. However, it seems that the intracrystalline biopolymers are free 
from such effect. The regions with angle of ~1° can be identified as the 
biopolymers. Based on the images from 2D vector-PFM, the polarization 
directions of the intracrystalline biopolymers and the polymers within the 
mineral phase are both close to the z-axis (i.e. the [001] direction of aragonite 
platelet) and the difference between them are only ~2°. However, without the 
knowledge of the complete type and 3D structure of the biopolymer 
molecules, it is still difficult to predict the physical orientation of these 
biopolymers.  
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5.2.2 Piezoresponse of deproteinated abalone shell  
To verify the observed piezoresponse from nacre, the deproteinated 
sample has been characterized as well. The proteins on nacre surface have 
been partially removed using the method described in section 3.1.2. Fig. 5.5 
shows the DART-VPFM and DART-LPFM response of the deproteinated 
nacre at the same region of the same platelet as the one where Fig. 5.5 is 
observed [square region in Fig. 5.5(a)]. After the protein-removal process, the 
RMS roughness value calculated based on the location illustrated in Fig. 5.5(a) 
increased from 5 nm to 42 nm. Many voids are observed on the topographic 
images under both microscale and nanoscale. Nanograins can still be observed 
from the topographic image [Fig. 5.5(b)]. The amplitude value of DART-
VPFM [Fig. 5.5(c)] is greatly reduced compared with that from the fresh 
sample. The strong piezoresponse at grain boundaries are totally disappeared. 
The large area of dark color indicates the removal of biopolymers in that 
region. The bright area may be the response from the residual biopolymers. In 
case of the DART-LPFM images [Figs. 5.5(e) and (f)], clear contrast and 
strong response no long exist. The fuzzy contrast may be due to the 
topographic cross-talk. After the removal of biopolymers, the piezoresponse of 
the nacre surface is totally different from that observed from fresh sample. 
With the similar topography features, significantly different piezoresponses 
have been observed between the deproteinated nacre and fresh nacre samples, 
which confirms that the piezoresponse observed from fresh nacre is real 
phenomenon and not from the topographic cross-talk.  
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Fig. 5.5 Topographic and PFM images of deproteinated nacre surface. (a) 
Topographic image of the scanned platelet by tapping mode (7×7 µm2, 
512×512 pixels); (b) Topographic image where DART-VPFM [(c) and (d)] 
and DART-LPFM [(e) and (f)] are scanned (500×500 nm2, 256×256 pixels); 
(c) and (e) are the amplitude images; (d) and (f) are the phase images. 
 
5.2.3 Response from Cross-Sectional Surface of Nacre 
For the cross-sectional surface of nacre, bulging layers always exist 
along the boundaries between the mineral and organic interlamellar layers 
after polishing. There can be the maximum of 100 nm height difference 
between the bulging layer and the mineral layer. The width of the bulging 
layers depends on the cutting direction in relative to the direction normal to 
the platelets. If the cut plane is perpendicular to the top and bottom surfaces of 
the platelets, the thickness of the bulging layer is the minimum. The cause of 
this bulging layer may be that the boundaries between biopolymer and mineral 
layers always exhibit higher resistance to the polishing stresses. These bulging 
layers can be a problem if the scanning direction is parallel to them. Since the 
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LPFM scanning can only be performed with 90º scan angle to the cantilever 
axis in order to minimize the signal from cantilever bulking. Therefore, the 
LPFM image is only observed at the direction perpendicular to the mineral 
layers on the cross-sectional nacre. Besides the intracrystalline biopolymers, 
the interlamellar biopolymers also can present on the cross-sectional surface. 
Fig. 5.6 illustrates the DART-VPFM and -LPFM responses of cross-sectional 
nacre surface. In the VPFM image, large amplitude regions are along the 
bulging layer that originated from the interlamellar biopolymer. But the 
intracrystalline biopolymers inside the platelet do not show piezoresponse. In 
the LPFM, the amplitude image [Fig. 5.6(d)] shows opposite contrast to that of 
the VPFM image [Fig. 5.6(b)]. In this case the intracrystalline biopolymers 
have the strongest piezoresponse. The LFPM on the cross-sectional nacre is 
along the [001] direction of aragonite platelet. The result agrees with the 
findings from the nacre surface that the polarizations of intracrystalline 
biopolymers are along the direction perpendicular to the platelet surface, and 
the piezoresponse is the strongest along this direction. On the other hand, the 
interlamellar biopolymers contain a chitin core, and silk-fibroin-like and 
negatively charged aspartic acid-rich proteins may be in the peripheral of the 
chitin core (Marin and Luquet, 2004; Heinemann, Treccani and Fritz, 2006; 
Bezares, Asaro and Hawley, 2010). This kind of biopolymers shows strong 
piezoresponse in the direction parallel to the platelet surface.  
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Fig. 5.6 DART-VPFM [(b) and (c)] and -LPFM [(d) and (e)] images observed 
from the cross-sectional nacre surface (800 × 400 nm2, 512 × 256 pixels). (a) 
height, (b) and (d) amplitude, (c) and (e) phase. 
 
5.3 Piezoelectric response of Clam shell 
5.3.1 PFM Images and dzz Evaluations of Fresh Clam Shell 
For all of PFM observation, the tested samples were made from the 
same piece of clam shell to exclude the age effect. Three sets of images were 
taken from either the outer shell surface or the cross-sectional surface. Each 
set of PFM observation comprises five images: height/topography, amplitude 
(proportional to piezoelectric constant), phase (polarization direction), Q-
factor (energy dissipation), and frequency (relative stiffness) images. These 
images are generated from the DSHO fitting of the raw data of the 
piezoresponse (described in Chapter 2). This method can reveal the relative 
piezoelectric constants, the frequency independent polarization orientations of 
the ferroelectric materials and simultaneously quantify the nanomechanical 
characterizations of sample surface (Gannepalli et al., 2011). The local 
piezoresponse of the clam shell is shown in Fig. 5.7. All topographic images 
[Figs. 5.7(a), (f), and (k)] show oval-shape nanograins, which are described as 
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the 4th level structure or the smallest feature in the clam shell structure. As the 
piezoresponse of clam shell on the macroscale are expected to be originated 
from the collective responses of the basic building blocks, this study mainly 
focus on the piezoresponse behavior of clam shell on the nanoscale. 
 
Fig. 5.7 DSHO fitted DART-PFM images of clam shell. The drive amplitude 
is 4 Vac for all images. Images in the 1
st (1×1 µm2) and the 2nd (300×300 nm2) 
column are observed on the outer surface of clam shell, while the images in 
the 3rd (300×300 nm2) column are observed on the cross-sectional surface. The 
lines on Figs. (h) and (m) are to be explained on Fig. 5.4. (Probe: PPP-
NCSTPt, kc = 8.23 N/m) 
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In Fig. 5.7, the amplitude image demonstrates the relative strength of 
the local piezoresponse. Figs. 5.7(b), (g), and (l) show the piezoresponse over 
the different levels of structures, ranged from about 0.5~3.5 pm. The strongest 
piezoresponse (yellow-color in the amplitude images) is expected to be 
originated from the biopolymers because of their complex polar structure. 
Most of the amino acid residuals extracted from the biopolymers of mollusk 
shell have already been proved to exhibit piezoelectricity. Similar to the case 
of abalone shell, CaCO3 should not exhibit any piezoresponse due to its 
centrosymmetric structure. Therefore, the strong piezoresponse observed on 
the nanograins should be mainly from the displaced biopolymers that are 
dragged to cover the grain surfaces after polishing process. These regions are 
usually near grain boundaries or deep grooves on the surface. There may also 
be biopolymer residuals intercalated inside the nanograin crystals after the 
biomineralization process, which may cause the weak piezoresponse observed 
from the middle regions of nanograins (blue-color in amplitude images). Some 
correlations between the amplitude [Figs. 5.7(b), (g), and (l)] and topographic 
[Figs. 5.7(a), (f), and (k)] images can be observed. Ideally, DART-PFM can 
track the contact resonance frequency shift caused by the surface roughness 
and stiffness changes, and thus reduce or eliminate the topographic crosstalk. 
This frequency shift at different locations is tracked in the frequency images 
[Figs. 5.7(e), (j) and (o)]. However, if the height difference is too large, DART 
technique may not work well, and the topography may still have effects on the 
amplitude images, for instance, at the boundaries of large grains. This problem 
usually associates with clam shell but not in the abalone shell because the 
clam shell has much larger grain size. Furthermore, the regions with different 
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levels of piezoresponses also have distinct phase contrasts accordingly. The 
phase image directly measures the phase lag angles (θ) of the piezoresponse 
signal against the drive signal (Vac). In these images, the values that can be 
quantified are the relative differences in θ among various locations within the 
phase image. For materials having perfect opposite vertical polarizations, the 
relative difference of θ should be 180º. For clam shell, the maximum phase 
differences that observed between the yellow- and blue-color regions are about 
60º~70º [Figs. 5.7(c), (h) and (m)]. This implies the existence of the lateral 
polarization vectors (which are not studied in this work). In addition, the Q-
factor image [Figs. 5.7(d), (i) and (n)] reveals the energy dissipation or loss of 
the tip-sample interaction. The smaller the value is, the more energy is 
dissipated or the system is more damped if simulate it as a damped harmonic 
oscillator. In other words, the total energy stored (kinetic and potential) in the 
tip-sample oscillator system is minimum. Lastly, when compare the PFM 
images from the outer shell surface [Figs. 5.7(f)-(j)] to those from the cross-
sectional shell surface [Figs. 5.7(k)-(o)], no significant difference in 
piezoresponse is observed on the nanoscale. Clam shell shows relatively 
uniform structure at this level and its property deviations due to the 
directionality may not be so significant. 
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Fig. 5.8 Data curves along line sections in Fig. 5.3(h) and (m). Data in 1st and 
2nd columns are obtained from the cross-sectional shell surface and the outer 
shell surface respectively. (a) and (e) are height curves, (b) and (f) are 
amplitude curves, (c) and (g) are Q-factor curves, (d) and (h) are resonance 
frequency curves. 
 
To further study the corresponding relations among the topography, 
amplitude, phase, Q-factor, and resonance frequency, the data points of these 
five images at the exactly same locations [along the solid line section in Figs. 
5.7(h) and (m)] are displayed and compared in Fig. 5.8. The phase offset data 
are taken as the reference curve and shown on each figure. It is clear that two 
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types of domains always exist on the two surfaces. The phase angle difference 
between these domains is all around 60º. The domains near grain boundaries 
usually show either more positive or less negative phase angles [defined as 
type 1 domain in Figs. 5.8(a) and (e)]. In Figs. 5.8(b) and (f), the amplitude 
has the similar trend as the phase angle. The regions of high amplitude always 
associate with the type 1 domain, which implies the high biopolymer contents 
at grain boundaries. The overall piezoelectric amplitude observed from the 
local cross-sectional surface (1.1~3.0 pm) is slightly higher than that observed 
from the local outer shell surface (1.1~2.4 pm). In addition, the frequency 
curves [Figs. 5.8(d) and (h)] have the exact opposite trend as compared to the 
reference curves. This means that the contact resonance frequency of type 1 
domain (~686 kHz) is lower than that of type 2 domain (~690 kHz), and they 
are directional independent, i.e., the similar values can be obtained on both 
outer shell and cross-sectional surfaces. The contact resonance frequency shift 
reveals the stiffness difference on the sample surface. Stiffer regions usually 
show higher frequency. It is well known that biopolymers are less stiff than 
that of the mineral phase. Thus, the lower frequency is expected to be 
associated with the biopolymer concentrated regions. On the contrary, the 
mineral phase should exhibit higher resonance frequency. This also agrees 
with the previous finding on the amplitude curves that the type 1 domain 
exhibits stronger piezoresponse and should be originated from the 
biopolymers. In addition, as mentioned earlier that the Q-factor is an indicator 
of the energy dissipation of the tip-sample interaction. It measures the 
damping level of the system. Lower value in the Q-factor image means more 
energy is dissipated, or the cantilever is more damped. The type 1 domain 
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(biopolymers region) shows lower Q-factor value (~40) than that of the type 2 
domain (~60). Therefore, the soft biopolymers should be able to absorb more 
energy than that of the stiff mineral phase when interact with the same probe. 
However, there are usually spikes in the Q-factor curves (130~160) at the 
transitions between the type 1 and type 2 domains. These highest Q-factor 
positions correspond to the red-color regions in the phase images [Figs. 5.7(h) 
and (m)]. The responsive amplitudes corresponded to these regions stay at 
relatively low values. It suggests that there is gradual transition between the 
different domains in clam shell, similar to that in the abalone shell, but 
different from the traditional piezoelectric materials which usually have abrupt 
domain transition with only a few nanometers width of domain walls. The 
reason of this may be that the individual domains are formed by material with 
different compositions in the clam shell. This gradual domain transition region 
may due to the interpenetration between the biopolymers and mineral phases, 
and together they result in the lowest energy loss. Thus, the effective area of 
piezoelectric and mechanical responses from biopolymer is larger than the 
actual size of the biopolymer.  
In addition, the effective local piezoelectric constant dzz has been 
measured at random locations on both outer and cross-sectional surfaces by 
single point method. In this case, all of the responses have been fitted by 
DSHO model. Thus, the values of dzz are the quantified true sample response. 
For polished fresh clam shell, it is found the quantified dzz for outer shell 
surface is 0.29±0.05 pm/v, whereas for cross-sectional surface it is 0.26±0.08 
pm/v. The dzz of x-cut quartz measured in the same way (also by DSHO 
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fitting) is around 0.25 pm/v. Therefore, the dzz of clam shell is comparable to 
that of quartz, and is also similar to the -d14 value of tendon (Fukada, 2000).  
 
5.3.2 Piezoresponse of Deproteinated Clam Shell 
In addition, to verify the findings that the biopolymers are the origin of 
the piezoelectric response in clam shell, the partially bleached samples have 
been tested. The same samples for the previous tests are used to subject the 
chemical treatment to remove the biopolymers. The bleached samples 
maintain their integrity and part of the biopolymers on the sample surface are 
removed. The dzz obtained from the bleached outer shell surface is 0.21±0.04 
pm/V, and on bleached cross-sectional surface, it is 0.18±0.07 pm/V. 
Therefore, the overall piezoresponse is reduced when the biopolymers are 
partially removed. In addition, the piezoresponse obtained from PFM images 
are compared between the fresh polished and bleached samples. The 
histogram curves of the responsive amplitude and phase data from the fresh 
and bleached clam shells are shown and compared in Figs. 5.9(a) and (b) 
respectively. The amplitude curve of the bleached sample [red curve in Fig. 
5.9(a)] is found to be shifted towards the lower value regions with respect to 
that of the fresh polished sample [green curve in Fig. 5.9(a)]. The mean 
amplitude value after Gaussian fitting is 0.34 pm and 0.21 pm for fresh and 
bleached samples respectively. Thus, the piezoresponse is reduced due to the 
partial removal of the biopolymer from the surface. As mentioned previously 
that the maximum relative phase lag is about 60º~70º between mineral and 
organic phases. This is shown by the green curve in Fig. 5.9(b). The highest 
peak at -20º is found to associate with the mineral phase, while the small peak 
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at more positive value 45º should be engendered by the biopolymer phase. 
However, for bleached shell sample, only one peak persists. The missing peak 
should represent the domain originated from the biopolymers on sample 
surface, and disappears due to the bleach treatment. All of the above findings 
have verified that the strongest piezoresponse of clam shell is originates from 
the biopolymer phase located between the nanograins. The biopolymers 
intercalated inside nanograins may not be able to be removed easily. 
Therefore, the shell surface still exhibits certain piezoresponse even after the 
bleaching treatment.  
 
 
Fig. 5.9 The histograms of amplitude and phase data comparisons between 
fresh and bleached clamshell. Curves show data distributions from two 1×1 
µm2 DSHO fitted PFM images. One is observed from the fresh clam shell, 
while the other is observed from the bleached clam shell, both are from the 
outer surface. (a) Amplitude data distributions at 1 Vac, and (b) phase data 
distribution. Vertical axes stand for the number of data points (256×256) in a 
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5.4 Summary 
This chapter has reported the fundamental piezoelectric behaviors of 
fresh and deproteinated abalone and clams shells. In addition, clam shell has 
more uniform structure and homogeneous properties than that of the abalone 
shell. Thus, the vector PFM has been studied on abalone nacre. As expected, 
the piezoresponse of nacre surface are highly directionally dependent. 
Intracrystalline biopolymers usually show strong piezoresponse along the 
direction perpendicular to mineral platelet. Interlamellar biopolymers show 
strong piezoresponse in the direction parallel to the platelet.  
In addition to the piezoresponse, the locations of biopolymers inside 
mollusk shell on the nanoscale can also be detected by the PFM technique in a 
non-destructive way, which is unachievable by other characterization 
techniques. The inherit piezoresponse of biopolymers in nacre can perform the 
sensing and even actuating roles associated with various biological, 
physiological and mechanical behaviors. Nevertheless, unlike the synthesized 
molecular piezoelectric and ferroelectric crystals whose composition, 
molecular structure and symmetry can be clearly identified (Fu et al., 2013), 
one of the great challenges for the in-situ piezoelectric characterization on 
fresh mollusk shell is to determine the exact combination and orientation of 
the biopolymers. It is worth noting that vector PFM is insightful only when the 
symmetry of the sample is known. For lower symmetry material, which 
biopolymer is likely to be, an out-of-plane polarization can give both normal 
and shear piezoelectric strain. 
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CHAPTER 6 Ferroelectric Behaviors of Abalone and 
Clam Shells 
 
Besides piezoelectricity, ferroelectric behavior has also been observed 
in some biomaterials. However, the ferroelectric behaviors from biological 
materials have been through long debates. Although the behaviors have been 
observed experimentally and a ferroelectric model has also been proposed for 
cells and neurons, many artifacts are known to play possible roles, 
particularly, hysteresis loops that may be observed in any nonlinear dielectrics 
with losses (Lemanov, 2000b). This chapter clarifies the intrinsic ferroelectric 
properties of biomaterials, based on the studies of mollusk shells. The 
experimental setups that may affect the appearance of the hysteresis loops 
have also been studied.  
 
6.1 Ferroelectric Hysteresis Behaviors of Abalone Shell 
6.1.1 Low Voltage Hysteresis Loop Observed on Nacre 
Local ferroelectric hysteresis loops were firstly successfully obtained 
from the inner surface of nacre under the relative low applied voltage, the 
maximum sum of AC and DC biases can be applied is ±10V.  
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Fig. 6.1 Raw SS-PFM phase (a) and amplitude (b) loops observed from inner 
surface of polished fresh nacre. Vac = 3V, Vdc = 10V. Probe: AC240TM 
 
Fig. 6.1 shows raw data of the phase and amplitude in a single loop 
measured by SS-PFM method. As mentioned in Chapter 2, phase shift 
represents the polarization switching, while amplitude represents deformation 
or strain. The near 180° of maximum phase inversion and the “butterfly” 
shape of amplitude loop provide the first evidence of ferroelectric behaviors of 
nacre. However, the loop shapes are different from that of the traditional 
ferroelectric non-biological materials, manifested as the highly non-symmetric 
strain loop and non-clear saturation on the phase loop. The positive voltage 
induces more deformation. Moreover, the “bend over” of both amplitude and 
phase loops near the saturation are mainly due to the low DC voltage in the 
control system. However, it also suggests that the ferroelectric behavior of 
nacre may be non-linear. Other factors such as the increased electrostatic 
attraction force and ionic motion at high DC voltage may also contribute to the 
reduction in the detected strain and phase shift. Although it is not possible to 
observe the hysteresis loop in every position of the sample, it still reveals the 
ferroelectric property of nacre in certain extent. 
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6.1.2 HV Hysteresis Loops Measurement on Nacre 
By incorporating HV attachment in the PFM system, the hysteresis 
loops were acquired again on both cross-sectional surface and inner surface of 
nacre. In addition, the loops from both vertical and lateral response were 
obtained. A typical AC embedded DC triangle cycle is used as the drive signal 
(Jesse, Lee and Kalinin, 2006). The DART method is still used to detect the 
piezoelectric amplitude and phase, and all the hysteresis loops are recorded 
during the DC-off pulse. Both amplitude (A) and phase shift (φ) of the 
response signal can be recorded directly as the function of the DC bias cycles. 
To ensure a complete switching of the polarization, the minimum DC bias 
windows were chosen so that the phase angles were rotated by 180°. To 
prevent the damage to mollusk shell sample, the maximum bias was 
maintained less than 100 Vdc. The durations of both DC-on (local poling) and 
DC-off (data acquisition) are fixed at 24.5 ms. Data acquisition speed is set to 
be 2 kHz. The ferroelectric hysteresis loop (PR loop) is calculated from the 
relation of A×cos(φ) (Kalinin et al., 2010), where A is measured in pm and θ 
is measured in radian. It has been reported that the PR loops usually 
demonstrated good agreement with the macroscopic P-E measurement 
(Rodriguez et al., 2010). All of the loops presented in this study are smoothed 
by the adjacent-averaging method, and all tests are performed with the same 
conductive probe (ASYELEC, Asylum Research, USA) whose calibrated 
stiffness is 1.4 N/m, and the identical laser position on the cantilever. 
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Fig. 6.2 PR hysteresis loops that acquired on cross-sectional surface of 
abalone shell (nacre section). Vertical PR loops demonstrating the effect of 
increasing AC drive amplitude (a), the effect of increasing DC bias window 
(b), and the effect of different tip-sample force(c), lateral PR loops are shown 
in (d) 
 
Fig. 6.2 shows the hysteresis loops that obtained from cross-sectional 
surface of nacre. Many factors may affect the shape of the loops, such as the 
extent of DC bias window (Vdc), AC drive amplitude (Vac), drive frequency, 
and the trigger force (the force experienced between tip and sample during the 
SS-PFM acquisition). During the SS-PFM acquisition, DART method is used 
for detecting the local change of A and θ after the localized poling by Vdc. The 
resultant hysteresis loops by only varying Vac and holding other parameters to 
be constants are illustrated in Fig. 6.2(a). The hysteresis loop is analyzed in the 
same way as described by Jesse, Baddorf and Kalinin (2006). It is found that 
both positive and negative coercive biases are nearly not affected by 
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increasing Vac, but the maximum switchable PR is altered. In addition, the 
drive frequency also influences the shapes of the hysteresis loop and its 
characteristic values. The hysteresis loops in Fig. 6.2(a) are obtained at two 
different frequencies near the contact resonance frequency. To set the second 
drive frequency properly, the PR is retuned to get the amplitude-versus-
frequency curve with latest settings. The value of the second drive frequency 
is set only 2 kHz larger than the first one. With the identical drive signal, the 
hysteresis loops at slightly different frequencies [4 Vac and 4 Vac retuned in 
Fig. 6.2(a)] show significant changes in the maximum switchable and 
remanent PR. In addition, the hysteresis loop is slimmer and the work of 
switching (defined as the area enclosed by hysteresis loop) is smaller when it 
is acquired at lower frequency. Therefore, it can be concluded that drive 
frequency is one of the factors that affects the value of remanent PR (at zero 
bias), while the maximum switchable PR can be altered by adjusting the drive 
amplitude or drive frequency. Moreover, at a fixed drive frequency, when Vac 
reaches a critical value (4 V in this case) the hysteresis loops are identical 
regardless of further increment of Vac. Thus, 4 or 5 Vac is used for all the 
subsequent measurements to avoid any artificial effects from the drive 
amplitude.  
Fig. 6.2(b) illustrates the hysteresis loops that obtained under different 
Vdc, ranging from 5 Vdc to 30Vdc. All of the characteristic values associated 
with hysteresis loop, including coercive bias, maximum switchable PR, 
remanent PR and work of switching, are increased along with the rise of Vdc. 
The changes of the coercive bias and remanent PR are shown in Fig. 6.3. Both 
the positive and negative coercive biases are increased linearly with the DC 
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bias, while the positive and negative remanent PR are increased with the DC 
bias in an approximately second order polynomial relation. The shifts of the 
hysteresis loops along the vertical and horizontal axes are represented by the 
differences between the two remanent PR curves and the differences between 
the two coercive bias curves respectively (Fig. 6.3). The larger the shifts, the 
stronger the internal fields are. This shift may be caused by the highly 
orientated biopolymer domains. As all of the loops are obtained at the selected 
points with the strong PR, these locations should have highest biopolymer 
concentration (Li and Zeng, 2012). It is found that the shape of the hysteresis 
loops obtained from the abalone shell is similar to the macroscopic P-E loop 
observed from the P(VDF/TrFE/CTFE) terpolymer which usually shows 
promise of great energy storage and fast discharge ability (Chu et al., 2006; 
Zhang and Chung, 2007). In addition, the hysteresis loops measured from the 
cross-sectional nacre surface can still maintain their slim shape even under 
high Vdc. This reveals the possibility that the biopolymers in nacre may exhibit 
the similar energy storage and discharge functions as that of the synthetic 
biopolymers, which may also promote the increased toughness of mollusk 
shell.  
It is worth discussing in more detail on the hysteresis loop obtained 
from mollusk shells. Firstly, it is much easier to obtain a saturate hysteresis 
loop in mollusk shell (in certain orientations) compared to that of the other 
conventional inorganic or organic piezoelectric materials (such as PZT and 
PVDF) at a relatively low applied bias (±10 Vdc). This indicates that the 
ferroelectric domains in the mollusk shell can be easily switched under 
electrical ﬁeld or being trigged by mechanical stress. Schneider (2007) has 
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discussed the “domain switch toughening” mechanism for certain ferroelectric 
ceramics. He showed that the toughness change under applied electric ﬁeld in 
poled ferroelectric ceramics was due to domain switching, and reported that an 
increase in fracture toughness of up to 100% could be expected for materials 
poled parallel to the crack orientation (Schneider, 2007). Furthermore, it was 
also reported that the critical electrical energy release rate could be more than 
10 times higher than the measured critical  mechanical energy release rate  for 
some materials (Zhang, Zhao and Liu, 2004), this further conﬁrms the domain 
switching toughening mechanisms. To apply the same scenario to the 
observed piezoelectricity and hysteresis loop in mollusk shell structure, the 
results suggest that the mollusk shell may have some intrinsic mechanisms 
resulting in “domain switching toughening” under external stresses. Therefore,   
the eﬀective stresses acting on the shell structures are eﬀectively reduced; this 
may be one of the mechanisms leading to the high mechanical performance of 
the mollusk shell structure. Of course, this argument is somewhat speculative 
at the moment, the eﬀects of “domain switching toughening” still need more 
detailed study, especially theoretical and numerical simulations. 
The second point is the shape of the hysteresis loop. It is well known 
that, for dielectric materials, the energy density storage and loss can be 
computed from the area enclosed in the hysteresis loop of the polarization 
versus applied electrical ﬁeld hysteresis loop (Chu et al., 2006; Zhang and 
Chung, 2007; Zhang, Meng and Chung, 2009). Comparing the hysteresis loop 
of the mollusk shell to what reported in the literatures, it is found that the 
shape of the hysteresis loop of the mollusk shell represents high energy 
storage and energy release, which is similar to many synthetic polymers for 
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energy applications (Chu et al., 2006; Zhang and Chung, 2007; Zhang, Meng 
and Chung, 2009; Wang et al., 2010). The hysteresis loops of these polymers 
with large electric energy density are required to have high electric 
displacement or charge density and very small remnant polarization. 
Therefore, these polymers usually have slim and tilted shape of hysteresis 
loops, which are very similar to those obtained from the abalone shell.  
 
 
Fig. 6.3 Changes of coercive biases and remanent PR along with rise of DC 
bias. (a) positive and negative coercive bias fitted with linear lines, (b) positive 
and negative remanent PR with 2nd order polynomials fitting. 
 
On the other hand, the mechanical contact force between the SPM tip 
and sample can affect the electric field distribution and further influence the 
shape of hysteresis loops. Fig. 6.2(c) illustrates the hysteresis loops observed 
under different trigger forces. The range of the loading force is set to be from 
100 fN to 100 nN. No hysteresis loops can be observed beyond this range. At 
low force load, such as 100 fN, the surface morphology may have significant 
effects due to the non-firm contact between tip and sample so that bumps are 
formed along the hysteresis loop. On the other hand, at high force load, such 
as100 nN, the maximum switchable PR is significantly increased, which may 
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due to the strong interaction between the electric field and the tip-induced 
stress field. However, the coercive fields are not affected by different trigger 
forces. Within the range of 1 nN ~ 50 nN, all of the hysteresis loops nearly 
coincide. Therefore, the trigger force is set to be 5 nN for all the subsequent 
measurements. 
Fig. 6.2(d) shows the hysteresis loops by LPFM measurement on the 
cross-sectional surface of nacre. In this case, the electric field is applied in the 
vertical direction, but the detected strain and polarization switching is in the 
lateral direction. Thus, it represents the shear strain alteration with the DC 
bias. There are many differences between the hysteresis loops measured in the 
vertical and lateral directions. Firstly, higher Vdc is required to have a saturate 
phase loop (phase rotates by 180°). Secondly, much higher coercive bias is 
observed in the lateral direction than that in the vertical direction with the 
same DC bias window. Thirdly, the maximum switchable PR of the LPFM 
hysteresis loop is reduced (~250 with 40 Vdc) and hence more works are 
required to rotate the dipoles to get a complete hysteresis loop in the lateral 
direction. Fourthly, the hysteresis loops from LPFM measurement are not as 
smooth as that from VPFM measurement, which may due to the tip-sample 
frictional force. In addition, unlike the hysteresis loop in the VPFM 
measurement, when Vdc increases, the imprint becomes larger accordingly. 
This is due to that only the positive coercive bias is increased as the negative 
coercive bias remains at a constant value. This suggests that there should be a 
preferential state of the biopolymer dipoles that does not change with 
increasing electric field. Furthermore, the hysteresis loops from LPFM 
measurement are orientated in an opposite direction in contrast with that from 
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the VPFM measurement. This inversion is directly due to the opposite 
behaviors of the polarization direction switching as illustrated in Fig. 6.4(a). 
Although both the phase loops show about 180° altered phase angle, the angle 
switching paths are in the opposite directions as indicated by two arrows. For 
the phase loop in lateral direction, there is a turn-over spot, at which the 
polarization directions switch back to the original direction and keep 
increasing in the opposite direction. There may be an interim unstable 
polarization direction (about 0° in this case) induced by the bias. With the 
increasing local poling field, the polarization may switch to the opposite stable 
direction and grow continuously. It has been reported that the inversion of the 
PR hysteresis loops can be controlled by either electron or hole injection in 
certain materials (Li et al., 2011). This inversion phenomenon definitely worth 
more sophisticated studies on nacre structures in the future. Finally, Fig. 6.4(b) 
illustrates that the lateral loop has significantly smaller maximum 
amplitude/strain than that of vertical loop. Since the value of amplitude 
controls the magnitude of hysteresis loop, higher maximum amplitude results 
in larger maximum switchable PR. In comparison, the ferroelectric hysteresis 
loops have been successfully acquired from synthesized organic materials on 
the nanoscale, including those for γ-glycine (Isakov et al., 2010; Heredia et 
al., 2012; Sencadas et al., 2012). These loops have various shapes, and the 
majority of them are not symmetric about the zero-bias axis. The coercive 
biases are about double of the value that was reported here in the vertical 
direction, but very similar to the value obtained in the lateral direction. 
Therefore, the hysteresis loops observed here may be associated with more 
than one type of biopolymers in nacre. 
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Fig. 6.4 Different phase and amplitude responses from vertical and lateral SS-
PFM. (a) phase loops, and (b) amplitude loops. 
 
The hysteresis loops have also been acquired on the platelet surface of nacre 
at selective positions. Because of the similar shapes of all the hysteresis loops, the 
average hysteresis loops are shown in Fig. 6.5 with standard deviations from six 
different locations. The hysteresis loops observed here are greatly diverse from 
those observed on the cross-sectional nacre. The only similarity is the inversely 
orientated hysteresis loops between the VPFM and LPFM measurements. In Fig. 
6.5(a), there are large deviations at the saturation regions of the loops, and it 
significantly affects the maximum switchable PR. Similar to the studies from the 
cross-sectional surfaces, many factors, including the drive frequency, drive 
amplitude, and trigger force can affect the shape and characteristic parameters of 
the hysteresis loop. Here the loops are acquired with the same settings as described 
for the cross-sectional surface, thus, the frequency can be the primary reason for 
this larger deviation value (slightly different contact resonance frequency at 
different locations). Other characteristic parameters can remain consistent even the 
measurements are made at different locations. In contrast to the hysteresis loops on 
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cross-sectional surface, the hysteresis loops from inner surface in the vertical 
direction show large shifts along the vertical and bias axes. The vertical shift of the 
hysteresis loops was usually interpreted in terms of a non-switchable layer (Alexe et 
al., 2001; Rodriguez et al., 2010). In case of the nacre surface, the non-switchable 
layers may be the CaCO3 nanograins. On the other hand, the horizontal shift may be 
due to the aligned internal fields originated from the local preferentially oriented 
defects pointing in approximately the same direction (Damjanovic, 1998). 
Conversely, the hysteresis loops from LPFM measurement [Fig. 6.5(b)] are found 
to be symmetric and the shifts along vertical and horizontal axes are very small. But 
these loops have totally different shapes compared with those observed from the 
nacre region, indicated by the clear nucleation points (sudden change of the slope of 
hysteresis loop). Their shape resembles to the macroscopic hysteresis loops of 
P(VDF-CTFE) copolymer (Chu et al., 2006). The different shape of the hysteresis 
loops on inner surface are mainly due to the different amplitude/strain loops, as 
illustrated in Fig. 6.5(c). The amplitude loop obtained in the vertical direction 
shows slightly reduced value at high DC bias near saturation, which may be due to 
the electrostatic reaction. Among all the amplitude loops, the largest deformation is 
obtained from the cross-sectional surface in the vertical direction.  
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Fig. 6.5 Hysteresis loops acquired on the inner surface of abalone shell. (a) 
averaged hysteresis loops in the vertical direction, (b) average hysteresis loops 
in the lateral direction, and (c) representative amplitude loops. 
 
6.1.3 HV Ferroelectric Hysteresis Loops of Calcite 
The PR loops in the calcite region of the cross-sectional nacre has also 
been characterized [Fig. 6.6]. The overall shape of the loops in vertical 
direction [Fig. 6.6(a)] is similar to that of cross-sectional nacre [Fig. 6.2(a)], 
except that the maximum switchable PR is higher and the vertical shift and 
imprint is larger than that of nacre. On the other hand, the shape and 
characteristic parameters of PR loops obtained in the lateral direction is quite 
scattered, as shown in Fig. 6.6(b). There is no overall shape of the loops can 
be analyzed. Hence, the lateral PR loops in calcite are highly location-
dependent. However, it is worth to note that the lateral loop orientation is the 
same as that of the vertical one, which is totally different from that in the 
nacre. In addition, the minimum bias window required for phase saturation is 
relatively low (20 Vdc) compared to that of nacre (30~40 Vdc). Lastly, the 
maximum switchable PR is at the same level as that of nacre. Therefore, the 
frictional force may be the main contributor of the limitation of the lateral 
strain.  
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Fig. 6.6 Hysteresis loops acquired on the calcite region of cross-sectional 
abalone shell. (a) averaged PR loop in the vertical direction, and (b) a few PR 
loops observed in the lateral direction. 
 
6.2 Ferroelectric Hysteresis Behaviors of Clam Shell 
For clam shell, ferroelectric hysteresis loops are firstly collected as 
mapping at each point of a 64×32 mesh (2×1µ2 area) on the outer shell surface 
(FS) and the cross-sectional surface (FC) of polished fresh shells. The 
variations of the remanent amplitude and phase values, i.e., the responses 
collected at the Vdc = 0 interval, versus DC bias cycle are captured. These data 
points forms the amplitude loop and phase loop, and the representative loops 
are shown in Fig. 6.7. Different DC bias windows are necessary to obtain fully 
saturated phase loops based on the different ferroelectric characteristics of the 
FS and FC samples. It was found that too high DC voltage usually causes 
permanent surface damage of the clam shell sample. Thus, the maximum bias 
is maintained at 100 Vdc. Figs. 6.7(a)-(c) and (d)-(f) are the representative 
hysteresis loops of the FS and FC samples respectively. All of the data points 
in the SS-PFM meshes (64×32 pixels) have the similar corresponding loops as 
those in Figs. 6.7(a)-(f), but with slightly different values of the critical 
properties. Different from the traditional ferroelectric materials, there is no 
clear nucleation point in the PR loops, which probably indicates very different 
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mechanisms of ferroelectric switching in the clam shell. For FS sample, a 
saturated phase loop can be easily obtained with relatively low DC bias 
window (10 Vdc) [Figs. 6.7(a)-(c)]. On this surface, it was found that the 
overall shapes of the amplitude, phase, and PR loops persist even when bias is 
increased to 100 Vdc, but the values of coercive biases are increased with the 
applied DC voltage. On the other hand, the FC sample requires much higher 
DC bias to obtain a saturated phase loop, and it has much slimmer loops than 
those in the FS sample [Figs. 6.7(d)-(f)]. These loops have similar shape as the 
hard ferroelectric materials with highly pinched domain walls (Damjanovic, 
2005). However, the phase loop does not saturate or reach stable states 
because no perfect horizontal lines can be observed no matter how large the 
DC bias is applied [circled region in Fig. 6.7(e)]. Additional mini loops are 
always observed at the expected saturation regions. All of the above 
observations indicate the highly aligned local dipoles inside the cross-sectional 
shell sample (Damjanovic, 2005). For both FS and FC samples, the coercive 
biases are around 0V and -4.5V. They can be directly viewed from the 
turnovers of the amplitude loops [e.g. point 1 in Fig. 6.7(a)]. The PR loops 
obtained from both sample are non-symmetric, and their remanent 
piezoresponse (when bias = 0) are all positive. Accordingly, the magnitude of 
the positive saturated piezoresponse is higher than that of the negative 
saturated piezoresponse. In addition, the PR loops are also shifted along the 
bias axis, which indicates that there might be local internal fields from the 
aligned defects dipoles (Damjanovic, 1998). Lastly, the work of switching for 
the FC sample is more than that of the FS sample, which means that the 
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energy loss or the energy consumed during domain switching is higher when 
observed from the cross-sectional surface of clam shell.  
 
 
Fig. 6.7 Ferroelectric hysteresis loops (three bias cycles), including amplitude 
loop, phase loop and PR loop, of four different samples (FS, DS, BS, and FC).  
Graphs in the 1st, 2nd, and 3rd column are the amplitude loops, phase loops, and 
PR loops respectively. (a-c) from FS sample, (d-f) from FC sample, (g-i) from 
the BS sample, and (j-l) from the DS sample 
 
Furthermore, ferroelectric hysteresis loops were also acquired from 
selective points on the outer shell surface (BS) sample bleached by using 10% 
NaOH solution, as well as the dried outer shell surface (DS) sample. The 
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bleached sample no longer exhibits any ferroelectric behavior because the 
polarization directions remain at the same level even when bias reaches 100 
Vdc [Figs. 6.7(g)-(i)]. This result is expected because the biopolymers on the 
sample surface should be greatly removed by the chemical treatment. 
However, the BS sample still exhibits piezoelectric properties, which may due 
to the residual biopolymers inside the nanograins after the bleaching process. 
Therefore, this observation further confirms that the biopolymer phase is the 
origin of the piezoelectric property and the biopolymers that exposed on 
sample surface should be the main reason or mechanism for the ferroelectric 
properties in clam shell.  
In addition, the DS sample has also been studied to determine the 
effect of moisture on the ferroelectric behavior of clam shell [Figs. 6.7(j)-(l)]. 
The hysteresis loops are acquired on the outer shell surface immediately after 
the sample being kept in furnace at 60ºC for two hours. This relatively low 
temperature is to prevent biopolymer degradations because the aspartic acid 
releases CO2 at about 50ºC and the biogenic aragonite starts to release CO2 at 
approximately 70ºC (Pokroy et al., 2006). The hysteresis loops acquired at 
different locations have quite consistent shape and characteristic parameters as 
shown in Figs. 6.7(j)-(l) by dashed lines. Three loops obtained from the fresh 
sample are plotted together with the one from dried sample for comparison. 
For the DS sample, 180º switching of phase angle can still be achieved within 
the 10 Vdc bias. With the reduced moisture contents, both the coercive biases 
become slightly more negative and the maximum strains can be achieved are 
greatly reduced.  In addition, the remnant piezoresponses do not change 
significantly, but the saturated piezoresponses are also dramatically reduced. 
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Therefore, the effects of the moisture in clam shell are slightly decreasing the 
coercive bias field and increasing the maximum switchable polarization, 
which is consistent with the finding by Fukada (2000), in which the 
macroscopic hysteresis loops observed from PVDF polymer showed higher 
coercive biases and smaller maximum switchable polarization under the 
condition that ionic conductivity was insignificant. Since the moisture 
promotes ionic conductivity, thus the EM coupling due to the ionic motion 
will be greatly reduced in dried clam shell sample. However, as the clam shell 
still exhibits ferroelectric hysteresis loop after dried, this is a further evidence 
to prove the existence of ferroelectricity in the clam shell. It is anticipated that 
sufficient energy needs to be consumed for the polarization switching process 
in the clam shell. When external mechanical stresses are applied to clam shell, 
internal electric fields can be generated because of the characteristics of the 
piezoelectric and ferroelectric properties, and the fields may further cause the 
domain switching process. Thus, part of the externally applied mechanical 
energy can be consumed by the intrinsic piezoelectric and ferroelectric 
responses, and it may further contribute to the toughening of clam shell. In this 
study, we propose this mechanism as the “domain switching toughening” by 
mollusk shell structure. 
 
6.3 Summary 
This chapter has reported the ferroelectric hysteresis behaviors of both 
clam and abalone (nacre and calcite sections) shells. The experimental 
parameters or settings, which affect the shape and characteristic parameters of 
the hysteresis loop, have been studied in details. Similar to the piezoelectricity, 
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the ferroelectric behaviors of mollusk shells are also directional dependent, 
and is originated from the biopolymers that exposed on sample surface. To 
verify that whether the ferroelectric behavior is primarily contributed by ionic 
motion or polarization, the dried clam shell has been characterized. It is 
confirmed that the ferroelectric behavior is the intrinsic property of mollusk 
shell.  
To summarize, mollusk shell exhibits ferroelectric behavior, which is 
directionally dependent. During the polarization switching process, local 
deformation is accompanied, and energy can be stored and released (indicated 
by the area enclosed by the PR loop) at the same time. Together with the 
piezoelectric behavior, the “domain toughening mechanism” associated with 
nacre is proposed. When external mechanical impact or stress is applied, 
internal local electric fields can be induced be the external stress due to the 
piezoelectricity of nacre. This may assist to sense the strength and location of 
the stresses. In addition, these localized electric fields may also lead to the 
polarization switching processes in the biopolymers. Thus, mechanical energy 
is converted to electrical energy and may be either consumed or stored inside 
the mollusk shell. The stored energy could be released or consumed by certain 
unknown mechanisms. Therefore, it is believed that the piezoelectric and 
ferroelectric behaviors of nacre may also contribute to its extraordinary 
mechanical property, as well as the biological or physiological behaviors. 
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CHAPTER 7 Responsive Piezoelectric and Ferroelectric 
Behaviors to External Stress and Temperature 
 
The previous two chapters expound the basic piezoelectric and 
ferroelectric behaviors and properties of fresh and chemically treated mollusk 
shells. This chapter will discuss the effects of the various external factors, 
including flexural stress and high temperature, on the biopiezoelectric and 
bioferroelectric phenomena of the mollusk shells.  
 
7.1 Responses of Nacre to External Flexural Stresses 
The experimental setup for this test has been presented in the Chapter 
3. Using this set-up, the flexural stress is applied through the two point forces 
and delivered to the cross-sectional surface of the nacre by casted epoxy resin. 
The stress caused mechanical and electromechanical changes are presented in 
the following sections. The results presented in this section was published in 
the journal paper by Li and Zeng (2013).   
 
7.1.1 Local Morphology Changes under Flexural Stresses 
Typical layered structure of abalone shell is observed in the entire 
cross-sectional surface (Fig. 7.1). The thin white layers are where the 
interlamellar biopolymers are located, while the thick layers with embedded 
nanograins are the mineral layers (about 300~400 nm thick). In general, the 
outermost mineral layer is found about 100 nm thicker than that of the 
innermost ones (data not shown), which probably due to the shell growth 
sequence. 
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Fig. 7.1 Local topographic images under stress-free, compressive and tensile 
stress states by tapping mode. Image sizes are all 5×5 µm2. C: Under 
compression; T: Under tension. 
 
After polishing, it is found that the boundaries between the organic and 
mineral layers is about ~10 nm higher than the middle of mineral layers (this 
is named as bulging layers). This may be due to the intimate connections or 
interpenetrations of mineral and organic phases. Another possible reason is 
that the interlamellar biopolymer is slightly pushed out after the polishing 
process. In our set-up, when shell is subjected to flexural stresses, the 
outermost shell is under the maximum tensile stress, whereas the innermost 
shell is under maximum compressive stress, and the neutral axis is near the 
middle position between the outer and inner shell surfaces. Hence, in this 
work, the interested regions to be studied are those under the maximum tensile 
and maximum compressive stresses, as well as that near the neutral axis. The 
comparisons are primarily among these three regions. Fig. 7.1 shows the local 
morphological changes in the regions of stress-free, compressive, and tensile 
stresses. The imaging locations under compressive and tensile stresses are near 
the innermost and outermost layers of the cross-sectional nacre respectively. 
Thus, the associated stresses should be close to the maximum values obtained 
by FE simulations (page 42-43), i.e., 150 MPa and -140 MPa respectively. By 
exerting stress, the bulging layers generally become wider, even under 
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compressive stress. It is suspected that designed fixture may have some shear 
stress accompanied with the tensile or compressive stresses. Hence, the 
cooperation of these stresses may lead to the rotation of nanograins at the 
bulging layers and hence make them appears wider. In addition, the 
nanograins in the mineral layers apparently become larger under the 
compressive stress. These nanograins are surrounded by the intracrystalline 
biopolymer. Under compressive stress, the squeezed biopolymers may push 
out the bonded nanograins and make them looks larger. Conversely, the 
mineral layer under tensile stress looks more flat than that under stress-free 
state. The nanograins are less apparent because they may slightly sink into the 
intracrystalline biopolymer matrix at the tensile region.  
 
7.1.2 Stress Affected Piezoresponse of Nacre by BE-PFM 
Figure 7.2 shows the BE-PFM images of the regions under different 
stress states. The raw data {A, φ}(ω) at each pixel are fitted by DSHO 
approximation (Gannepalli et al., 2011) and four types of images are 
generated. Firstly, the amplitude image is composed by the piezoresponse 
amplitude (in pm) at the resonance frequency at each pixel. The amplitude 
value is proportional to the local piezoelectric constants dzz with dimension of 
pm/V, which is defined as the field-induced deformation observed in the 
vertical direction while the electric field was applied in the same direction. 
Secondly, the phase image shows the responsive phase offset angle (in degree) 
with respect to the drive signal (Vac) and reveals the local polarization 
directions at each pixel. Thirdly, the Q-factor image reveals the relative 
dissipative energy of the tip-sample interaction. Finally, the frequency image 
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shows the contact resonance frequency shift at different locations and can be 
eventually related to the relative stiffness of the sample surface. Different 
constituents in nacre and their responses to electric field can be differentiated 
from the corresponding contrast together with the physical meanings of these 
four types of images. 
 
 
Fig. 7.2 BE-PFM images of the cross-sectional surface in nacre of the abalone 
shell. All of the images have 128×128 data points within 2×2 µm2 scanning 
area. The 1st column, 2nd column and 3rd column images illustrate the 
piezoelectric response under stress-free state, tensile stress and compressive 
stress respectively. Amplitude images: (a), (e), and (i); Phase images: (b), (f), 
and (j); Q-factor images: (c), (g), and (k); and Frequency images (d), (h), and 
(l). 
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Under the stress-free state, i.e., before applying any bending stress, the 
entire cross-sectional nacre surface exhibits the similar contrast in 
piezoresponse image.  The representative set of images scanned at the outer 
shell region is shown in Figs. 7.2(a)-(d).  As discussed before, aragonite 
should not have any piezoresponse due to its centrosymmetric crystal 
structure. On the other hand, most biopolymers, belonging to the classes of 
polysaccharides, proteins, and nucleic acids, have been found to exhibit the 
piezoelectric effect (Fukada, 1995). The organic phases in mollusk shell are 
mainly chitin and various proteins that are rich in Asp, Ala and Gly of amino 
acid residues (Marin and Luquet, 2004; Bezares, Asaro and Hawley, 2010). 
Most of these amino acids in biopolymers have been found to exhibit 
piezoelectricity (Ando, Fukada and Glimcher, 1977; Lemanov, Popov and 
Pankova, 2002). Their polarizations are originated from the internal dipole 
rotations (e.g. CO-NH) induced by shear or tensile stress that delivered to the 
biopolymer molecules. In the Fig. 7.2(a), the yellow-color regions show the 
highest amplitude value (~23 pm). It is therefore believed that the yellow thin 
layers represent the interlamellar biopolymers, which is located between the 
mineral layers. It should be noted that most of the literature reported values for 
piezoelectric constant of biopolymers were d14 (i.e., under the shear stress) at 
the macroscale (Fukada, 1995), and it is much lower than the local effective 
dzz value at nanoscale that obtained from this study. On the other hand, the 
mineral layers should be associated with the blue color regions, whose 
piezoresponse is weak (~0.7 pm). This weak response may originate from the 
intercalated biopolymers/macromolecules in the aragonite structure during the 
bio-mineralization process. The thickness of the yellow and blue colored 
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layers is about 20~40 nm and 0.3~0.4 µm respectively, which also confirms 
the above findings. Furthermore, there are some random green-yellow spots 
inside the mineral layers (blue color) with the intermediate response amplitude 
(1~5 pm). These spots can be either the intracrystalline matrix where the 
mineral nanograins are embedded in, or the interlamellar biopolymers that 
displaced due to the polishing stress. In the phase image [Fig. 7.2(b)], three 
distinct colors can also be identified. The interlamellar biopolymer shows a 
phase angle of ~57º (bright yellow color). Inside the mineral layers, the blue 
color phase is ~0º and the red color phase is around 20°. Compared to the 
amplitude image, 0º corresponds with the weakest piezoresponse regions, 
which is the mineral phase. However, both the intracrystalline biopolymer and 
part of the mineral phase have phase angle around 20°. In addition, Q-factor 
measures the dissipative response of the tip-sample interaction or the work 
done on sample by the oscillating probe. The lower the value, the more the 
energy is dissipated. In Fig. 7.2(c), the interlamellar biopolymers show the 
lowest value of Q (blue color). This indicates that the soft biopolymers can 
absorb much more energy than that of the hard CaCO3 mineral when interact 
with the conductive tip during the BE-PFM scanning. The Q-factor image has 
the opposite contrast to the amplitude image. The difference in the Q-factor 
values between the mineral and biopolymers suggests that these two 
microconstituents have different EM coupling mechanisms. Lastly, in Fig. 
7.2(d) the frequency image is an indicator of the relative stiffness of the 
scanned area. Regions with lower contact resonance frequency (blue-color) are 
less stiff than those with higher contact resonance frequency (yellow-color). 
Thus, the interlamellar biopolymer regions are less stiff than that of the 
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mineral layers, which reflects the correct correlation of the nanostructure of 
the abalone shell. Regions with intermediate value (green-color) should be 
associated with the intracrystalline biopolymers. But with the intimated 
bonded nanograins that immediately at the subsurface of the intracrystalline 
biopolymer matrix, the observed stiffness could be higher than that of the pure 
isolated intracrystalline biopolymers in these regions. In general, the 
piezoresponse with higher amplitude, lower Q-factor and lower contact 
resonance frequency corresponds to the regions of biopolymers in nacre, either 
interlamellar or intracrystalline, while the contrary applies to the mineral 
phase. These results are consistent with what reported in Chapter 5. 
Figs. 7.2(e)-(h) show the piezoresponse of nacre under tensile stress 
(outer shell region). The responses in the sample surface are dramatically 
changed compared to those under the stress-free state [Figs. 7.2(a)-(d)]. In Fig. 
7.2(e), the overall strength of piezoresponse is significantly increased. The 
interlamellar biopolymer still has the highest amplitude value, which is now 
larger than 25 pm (yellow-color), while the mineral phase has the lowest 
amplitude value of ~ 1 pm (blue-color). In addition, green-color regions with 
amplitude of around 20 pm can be found. Because of such high piezoresponse 
amplitude, these regions should also have highly-concentrated biopolymers. 
The area of biopolymers is increased by about 60% compared to that in the 
stress-free state, and this leads to the enhanced average piezoresponse 
strength. When tensile stress is applied, polymer molecules and chains are 
stretched, which can cause the rotation or displacement of bonded nanograins. 
The nanograins may sink into the intracrystalline biopolymer matrix and lead 
to more biopolymers appear on the sample surface. This can also be verified 
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by the features in Fig. 7.1. In the Fig. 7.2(f), two distinct phase contrasts can 
be identified: the phase in 30º (red-color) corresponds to the biopolymers and 
the phase in 0º (blue-color) corresponds to the mineral. Compared to that of 
the stress-free state, the phase angles of biopolymers are shifted from 57º 
(interlamellar) and 20º (intracrystalline) to around 32º. This shift of the phase 
angle of biopolymers suggests the dipole rotations caused by the tensile stress.  
In the Q-factor image [Fig. 7.2(g)], biopolymers still have lower value than 
that of the mineral phase. The overall value is lower than that of the stress-free 
state, which indicates the tip-sample energy dissipation becomes higher for the 
nacre under tensile stress, in other words, biopolymer dissipates more energy 
under tensile stress. In Fig. 7.2(h), biopolymers still show lower stiffness than 
that of the mineral phase. But the clear boundaries between the mineral and 
organic phase layers are almost disappeared. The image can be interpreted as 
the stiffer particles randomly embedded in the less stiff organic matrix. 
Apparently, the tensile stress along the layers direction has the effects to 
expose more biopolymers on sample surface and increase the strength of 
piezoresponse. Therefore the relative position of constituents is changed and 
the properties of individual constituent, especially the biopolymers, have been 
changed as well. Generally-speaking, the interlamellar biopolymer in nacre is 
proposed as sheets of β-chitin fibrils. There may be silk/fibroin-like Asp-rich 
glycoproteins (polar acidic) adsorbed on the surface of the β-chitin sheets and 
act as the joining media to the aragonite crystals (Lin and Meyers, 2005). 
However no isolated silk-like protein has been characterized from nacreous 
shells. So their existence and properties are still questionable. There are also 
proteins located between side walls of platelets in the same mineral layer 
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called intertabular matrix (Heinemann et al., 2011). In our study, the tensile 
stress is parallel to the interlamellar biopolymer layers, and it leads to the 
stretch of the β-chitin sheet and probably breaks some of the fibrils as well. 
Both the amplitude and phase images suggest that the number of open pores 
along the interlamellar layers are slightly increased under the tensile stress 
(blue dots indicate the exposure of mineral phase). The amplitudes of both 
interlamellar and intracrystalline biopolymers are also increased under the 
tensile stress. As the strength of piezoresponse is proportional to the 
crystallinity and orientation of the macromolecules (Ando, Fukada and 
Glimcher, 1977), the tensile stress may therefore cause the increase in 
crystallinity, or change the molecule orientation; and the fibrous configuration 
of chitin in nacre may also manifest the shear piezoelectric effect (Fukada, 
2000; Pereira-Mouries et al., 2002; Bezares, Asaro and Hawley, 2010). In 
addition, the tensile stress may cause the rotation of the CO-NH dipoles in the 
acidic acid that also can contribute to the increased piezoresponse of the 
biopolymers. 
Furthermore, Figs. 7.2(i)-(l) show the piezoresponse of nacre under 
compressive stress. Similar to the case of under tensile stress, compressive 
stress also leads to the rearrangement of the micro-constituents in nacre. Under 
compression, the interlamellar biopolymers have amplitude of 21 pm, and 
phase in ~60°. The mineral phase has amplitude of 0.6 pm, and phase of ~0°. 
There are also small amount of intracrystalline biopolymers with 2~6 pm 
amplitude and ~40° phase angle. Once the pool of intracrystalline biopolymer 
in mineral layer is compressed, the nanograins can be either lifted up to the 
surface or hidden into the intracrystalline biopolymers. Furthermore, the 
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nanograins composed the bulging layers can be rotated and aligned in the 
direction which occupies the minimum space, this may cause the displacement 
of the interlamellar biopolymers and makes them appearing wider and 
distorted. From Figs. 7.2(k) and (l), it seems that the stiff nanograins in the 
mineral layers are packed more closely along a preferred orientation.  
Different from the cases of the stress-free as well as under the tensile stress, 
the stiffness of mineral layer appears more uniform under the compressive 
stress, which promote the idea that most nanograins are lifted up and squeezed 
together under the compression.  
 
Table 7.1 Statistical summary of the EM coupling properties of individual 
component in nacre under different stress states. The percentage of data points 
with piezoresponse amplitude larger than 10 pm is also listed in the fourth 
column. 
 
For the purpose of easy comparison, Table 7.1 summarizes the values 
of the piezoresponse amplitude and phase angle of the individual constituent 
in nacre under different stress states. Generally-speaking, the biopolymers 
always have much stronger piezoresponse than that of the mineral phase. 
Tensile stress has caused more biopolymers to be exposed onto the sample 
surface and greatly increase the strength of the piezoresponse of the entire 
scanned surface, while compressive stress tends to push the nanograins onto 
the surface. Furthermore, the local amplitude may also include the coupled 
piezoresponse from both lateral and vertical directions, whereas this study 
 











Stress Free 23 1-5 0.7 9.58 % 57 20 0 
Tension >25 20 1.0 71.75 % 32 32 0 
Compression 21 2-6 0.6 36.50 % 60 40 0 
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only presents the results from the vertical direction and the exact crystal 
orientations of the nacre layers are not identified. Table 7.1 also summarizes 
the amount of strong piezoresponse regions (defined as amplitude > 10 pm in 
this work) by the percentage of the data points from the amplitude images 
(128×128 points). These values indicate the relative amount of biopolymers 
exposed on sample surface under different stress states. Moreover, the 
histogram graphs presented in Figs. 7.3(a) and (b) represent the full data range 
from the images in Fig. 7.2. The vertical axis represents the number of data 
points and the horizontal axis represents the data scale. These two graphs 
provide more intuitive view of the changes in the piezoresponse triggered by 
the external stress.  
 
Fig. 7.3 Histogram illustration of BE-PFM images under different stress 
states. (a) Amplitude distribution. The insertion is the magnified region 
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between 10~40 pm with the vertical scale set to 0~300, (b) Phase distribution. 
(The arrows are discussed in the text). 
 
Two sections are shown in the amplitude histogram [Fig. 7.3(a)]. 
When stress is applied, regardless of tension or compression, the amount of 
lower amplitude section (I) is reduced and the number of data points with 
higher amplitude section (II) is increased. As the phase data directly represent 
the phase lag/lead relative to the drive signal, they reveal the domain patterns 
based on the difference in the polarization directions. However, without the 
knowledge of the exact crystal orientation, only the relative phase difference 
in an image can be quantified. The mineral phase is found always have the 
phase angle close to 0º, indicating that the domains are pointing vertically 
downwards and their directions are not affected by the stress. On the other 
hand, the domains with the phase angle differ from 0º at the stress-free state 
are shifted after the application of the tensile stress, as indicated by a thick 
arrow in Fig. 7.3(b). Taking the mineral phase as a reference (0º), the tensile 
stress causes the most significant change of the phase angle by more than 20º. 
The newly emerged domain/polarization under tensile stress is indicated by a 
thin arrow. As the CH3 and NH3 groups in amino acid crystals may hinder the 
rotations of the molecular groups (Lemanov and Sochava, 2003), they may 
confine the rotation of dipoles only to a certain angle. In such case, the 
external tensile stress alters the original dipole moments within the 
biopolymers to another preferable stable state. On the other hand, the 
compressive stress seems do not have very significant effect on the dipole 
rotation. 
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In short, the BE-PFM method clearly differentiates the mineral phase, 
interlamellar biopolymer, and intracrystalline biopolymer at the nanoscale 
based on their distinct interactions with the applied electric field under 
different stress states. The relative surface stiffness and energy loss from tip-
sample interaction can also be revealed. From these images, the deformation 
mechanisms of the nacre under tension and compression can be revealed. 
Moreover, nacre has again been approved with piezoelectric property, which is 
originated from various types of biopolymers. This intrinsic property can 
make the biopolymers as the “sensor” or even “actuator” to control the bio-




7.1.3 Ferroelectric Hysteresis Behaviors Responding to External Stress  
In this study, ferroelectric hysteresis mappings of the cross-sectional 
nacre were observed by using SS-PFM technique (sample mappings are 
illustrated in Appendix-C). These maps (10×10 points within 3×3 μm2 area) 
are acquired from three different regions: maximum tension, maximum 
compression, and near the neutral axis. All of the maps are acquired with 
exactly the same tip, laser position, and parameter settings.  
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Fig. 7.4 Ferroelectric hysteresis loops of cross-sectional nacre under different 
stress states. (a) Amplitude hysteresis loops, (b) Phase offset hysteresis loops, 
and (c) PR hysteresis loops. The annotations “C”, “T”, and “M” indicate 
compression, tension, and zero-stress positions respectively. 
 
In Fig. 7.4, each loop is plotted based on the average values of ten 
representative data points at the same region. The applied local poling bias 
window is ±10 Vdc, and the bias for piezoresponse detection is 4 Vac. The 
amplitude loops in Fig. 7.4(a) have the butterfly shape as those from many 
typical ferroelectric materials. Under zero-stress state (indicated by M), the 
amplitude loop is symmetric about the zero-bias axis, and the maximum bias-
induced deformation can reach to approximately 270 pm. Under the stressed 
states (where tension is indicated by T and compression is indicated by C), the 
amplitude loops become highly non-symmetrical and shift along the bias-axis 
towards the positive direction. The maximum deformation under positive bias 
is significantly reduced by about 36%. In addition, the maximum deformation 
at the tensile region is slightly larger than that at the compressive region. Thus, 
the compressive stress may reorientate the biopolymers to a direction that 
cannot be deformed as much as that under the tensile stress. Fig. 7.4(b) shows 
the polarization direction switching as a function of DC bias swept. The 
switched phase angles between two stable/saturated states at high Vdc are all 
about 180°, which indicated the saturation of the response. In the previous 
                                                                                         Chapter 7 
 
 135  
 
chapters, it has been shown that only the biopolymers exposed on sample 
surface can have such ferroelectric hysteresis loops, which is also reported 
earlier (Li and Zeng, 2012). Clearly, the loop under compressive stress shows 
different stable polarization directions from the other two, and this indicates 
the different stable dipole orientations under the compressive stress. Based on 
the amplitude and phase hysteresis loops, the biopolymers under compression 
and tension clearly show different molecular orientation or deformation 
characteristics.  
 
Table 7.2 Mean values of the characteristic parameters extracted from PR 
loops at zero-stress, tensile, and compressive regions based on the one 














C 30.5 1.41 3.56 0.78 403 1416 
M -8.5 -0.3 1.62 -2.43 345 1497 
T 15 1.23 3.38 -0.55 266 1112 
 
Fig. 7.4(c) illustrates the calculated PR loops. The characteristic 
parameters extracted from these loops were summarized in Table 7.2, 
including: coercive bias, imprint, maximum switchable piezoresponse, shift 
along the PR-axis (vertical shift), and work of switching. These values are 
showed as the mean values from one hundred data points at each region. 
Compared to those from the zero-stress PR loop, the imprint and shift along 
the vertical-axis are dramatically increased for PR loops under the stressed 
states. The shift of ferroelectric hysteresis loop along the bias axis (indicated 
by imprint) manifests the existence of the internal bias fields inside the 
samples. It was reported that this shift should be mainly due to the perfect 
                                                                                         Chapter 7 
 
 136  
 
alignment of defects, i.e., the local defect dipoles are all along the similar 
orientation (Damjanovic, 1998). The PR loops observed under tensile and 
compressive states have almost the same imprint value, which indicate the 
similar value of aligned internal field. The biopolymer molecules are found to 
have the modular structure which can be analogous to the coiled-spring 
structure (Xu and Li, 2011). Under the tensile stress, the 
biopolymers/macromolecules are stretched and the modular domains can be 
unfolded and aligned in the same manner. In other words, the stretched 
biopolymers may have their dipoles aligned almost in the same directions and 
hence cause the local uniform internal fields. Under compressive state, some 
of the biopolymer domains may also realigned the local dipoles in certain 
orientation, which is not necessarily similar to that under tension. Despite of 
this shift along bias-axis, the coercive fields of the PR loops under the stress 
states are similar. On the other hand, the vertical shift of the PR loops is 
related to the relative thickness of non-switchable layer in the materials (Alexe 
et al., 2001; Kalinin et al., 2010; Rodriguez et al., 2010). Under the stressed 
states, some of the biopolymer domains may be either stretched or compressed 
to extreme, which do not allow further dipole rotations or require much higher 
energy to rotate the local dipoles. Besides, the PR loop under compressive 
state shifts up more on the vertical axis than that under the tensile state. Under 
compression, the nanograins should be packed more closely, which may also 
contribute to the local non-switchable component.  
Furthermore, the work of switching indicates the energy consumed or 
lost during polarization switching and pinning strength, it is calculated from 
the area enclosed by the PR loop (Kholkin et al., 2007). The zero-stress loop 
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has the highest value of work of switching, and the loop obtained under tensile 
stress has the lowest value. Thus, less energy (reduced by about one quarter) is 
required to complete the switching process when the material is subjected to 
the tensile stress. In other words, the tensile stress has consumed certain 
energy of the initial PR loop under stress-free state. This process may be 
associated with the mechanism called “domain switch toughening” operated in 
some ferroelectric ceramics (Schneider, 2007), i.e., the poled ferroelectric 
ceramics showed increased fracture toughness under the electric field. 
Furthermore, it has been reported that the critical energy release rate in the 
electrical way could be more than ten times faster than that in the mechanical 
way (Zhang, Zhao and Liu, 2004). Therefore, the nacre’s ability to switch the 
local polarizations between the stable states with or without applied stress can 
help to relieve the imposed mechanical stress or energy to certain extent. 
When external stress is applied, local electric fields can be generated due to 
the piezoelectric properties of nacre. The induced electric fields can further 
switch the polarizations of the nacre within their range. If crack is generated in 
the first place, there will be a generated electric field surrounding the crack tip 
based on the local stress conditions, and this may prevent the crack 
propagation or even close the crack gradually. To certain extent, this result 
confirms our previous assumption, i.e., the piezoelectric toughening in 
mollusk shell, therefore, we believe that the piezoelectric and ferroelectric 
properties of nacre may play some roles in the toughening behavior of the 
nacre. In addition, the shape of the hysteresis loop of nacre under all three 
stress conditions resembles to those macroscopic P-E loops observed from the 
synthetic polymers which usually show great energy storage and fast discharge 
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ability (Chu et al., 2006; Zhang and Chung, 2007). This also suggests the 
possibility that the biopolymers in nacre can store the external energy and then 
release it in some way. However, this proposed mechanism still needs more 
theoretical and experimental works to further confirm it or to understand to 
what extent the piezoelectric/ferroelectric behavior of the biopolymers can 
contribute to the toughening and strengthening of the nacre. 
 
7.1.4 Summary 
In this study, it has been shown that the tensile stress leads to the 
sinking of nanograins into intracrystalline biopolymers, while compressive 
stress tends to push the nanograins onto the surface. This can change the 
amount of biopolymers exposed on the sample surface and eventually affect 
the detectable piezoresponse at the cross-sectional surface of the nacre. The 
change of the biopolymers structure can be tracked by the phase data in the 
BE-PFM analysis. The tensile stress has emerged new domains which may be 
due to the restricted rotation of amino acid dipoles. Finally, the saturated 
ferroelectric hysteresis loops have been studied. They further indicate the 
deformation or rotation of the biopolymers in the nacre structure under 
stresses. The energy associated with the ferroelectric loops under different 
stresses is presented as well. The results have confirmed, at least to certain 
extent, the possible “domain switch toughening” in the mollusk shell 
structures.  
 
7.2 Responses of Mollusk Shells to Temperature Changes 
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Besides piezoelectric and ferroelectric, ionic motion or streaming 
potential is another source of EM coupling in the biological materials. Based 
on the studies of bone (Ahn and Grodzinsky, 2009), which is a more complex 
calcified tissue than mollusk shell, the strain-generated potential was attributed 
to two main mechanisms: piezoelectricity and streaming potential (Fukada and 
Yasuda, 1957; Shamos, Shamos and Lavine, 1963; Lang, 2000). In particular, 
for the tissues with a high degree of hydration (such as wet bone), streaming 
potential, in which was raised from the small channels or micropores that 
ﬁlled with charged ﬂuid, was believed to be the predominant origin of the 
electromechanical behavior other than the piezoelectricity. With mechanical 
deformation, the ﬂuids are forced to ﬂow through the microvoids and thus 
generate a ﬂow of ions against the oppositely charged walls, resulting in a 
potential difference between two points along the stream (Hastings and 
Mahmud, 1988).  
In order to understand the functionality of moisture and degradation of 
the organic phase in the EM coupling effects in mollusk shells, it is necessary 
to study the piezoresponse of mollusk shells that have been treated at different 
temperatures. The results will be presented and discussed in the following 
sections.  
 
7.2.1 Response of Abalone Shell 
TGA and DTA are ﬁrstly conducted to identify the decomposed 
temperature for moisture and biopolymers in abalone shell (Fig. 7.5). 
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Fig. 7.5 TGA and DTA curves of abalone shell fragment (air atmosphere; 
room temperature to 900°C; heating rate = 10°C/min). (a) curves in the full 
temperature range, and (b) curves representing major biopolymers 
decomposition from 150~550°C. 
 
Fig. 7.5(a) shows the full range TGA curve of the abalone shell. The 
water content was found less than 1 wt.% presumably to be completely 
evaporated in the range of 100~105 °C. According to the study of bovine bone 
and decalciﬁed bone, the critical hydration that causes signiﬁcant eﬀects to 
dielectric constant and piezoelectricity is at least 4 wt.% (Maeda and Fukada, 
1982). Thus, it provides the first clue that the moisture content may not have 
significant effects on piezoresponse in abalone shell. In addition, void space in 
fresh abalone shell should be much smaller than those in bone, hence, the 
piezoresponse should play a more critical role than the effect of the ionic-
ﬂuid-based streaming potential.  
When further increasing the temperature, the great mass drop at about 
700°C is found, and this is due to the decomposition of CaCO3. Furthermore, 
the major decomposition of biopolymers starts at about 200°C and ends at 
about 600°C. It was reported that the biogenic aragonite releasing of CO2 
started at 70°C and reached to the maximum just above 250°C (Pokroy et al., 
2006), and our result is consistent with Pokroy’s finding [Fig. 7.5(b)]. The red 
dot indicates the temperature for an abrupt change in slope of the TGA curve. 
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The decomposition rate reaches to the maximum at about 250°C, and 
gradually slows down until all of the biopolymers are decomposed. Because 
decomposition may start much earlier, the moisture content may be even lower 
than the previous predicted value. It was reported that the biological aragonite 
has a structure distorted by the organic phase. This structure distortion is 
greatly reduced at elevated temperature, and at 300°C the unit cell of biogenic 
aragonite reverts to that of geological aragonite (Pokroy et al., 2006). In our 
study, based on the finding from TGA and DTA curves, the unpolished shell 
was ﬁrstly heated to 105 °C to remove moisture and then to 380°C to remove 
certain amount of the biopolymers. The PFM imaging was then conducted on 
the unpolished shell samples at room temperature after each heat treatment at 
these temperatures. Because of the high temperature treatment, shell sample 
casted in epoxy resin is not suitable for this experiment, hence, only the inner 
surface (smooth enough for SPM observation) of unpolished abalone shell was 
studied.  
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Fig. 7.6 PFM topographies of the inner surface of (a) fresh abalone shell, (b) 
after being heated at 105°C, (c) 200°C, and (d) 380°C, (e) PFM phase angles 
of shell with different heat treatments. Scan size is 10×10 µm for all images. 
 
After being heated to 380°C, the shell became very brittle, peeled-oﬀ 
layers can be visually observed. This is mainly due to the decomposition of the 
interlamellar biopolymers between the aragonite platelets.  In addition, the 
original oval nanoparticles can no longer be identiﬁed in the topography image 
after the sample was treated at 380°C [Figs. 7.6(a)-(d)]. Without biopolymers, 
abalone shell can no longer be considered as a nanocomposite. The CaCO3 
crystals may recrystallize and grow, or have phase transformation at high 
temperature. Thus, nanograins disappear and only platelet patterns left. In the 
PFM studies, compared with that of the fresh shell sample, the observed 
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piezoresponse becomes stronger after that sample was being heated to 105°C. 
This is possibly due to the reduced water content. The abalone shell still 
exhibits piezoresponse even after the heat treatment at 380°C, which probably 
originates from the remaining intracrystalline biopolymers or those 
intercalated in the CaCO3 crystalline structure. At this temperature, the ionic 
ﬂuid-induced EM coupling can be eliminated. Thus, this reveals that 
piezoelectricity dominates the EM coupling eﬀects other than ionic motion in 
mollusk shell structure. In addition, the histograms of polarization directions 
from different temperatures are illustrated in Fig. 7.6(e). For the shells treated 
below 380°C, there are always two peaks of phase angle, one corresponds to 
biopolymer and the other corresponds to mineral. However, after being heated 
at 380°C, the phase angle is significantly changed and there is only one peak 
left, which indicates that majority of the biopolymers is decomposed at this 
temperature.   
 
7.2.2 Response of Clam Shell 
The effects of temperature were also studied on the clam shell. Firstly, 
the TGA and DTA curves of the clam shell are obtained and shown in Fig. 
7.7(a).  
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Fig. 7.7 Effects of temperature on piezoresponse of the innermost shell 
surface: (a) TGA and DTA curves of clamshell heated to 900 ºC, and (b) 
change of piezoelectric constant with temperatures. 
 
 The moisture content of fresh clam shell fragment is found about 0.29 
wt. %. From the DTA curve, the major decomposition of biopolymers takes 
place at the temperature range of 300-350 °C and with peak maxima at 325 °C 
[insertion in Fig. 7.7(a)]. At this point, the original long-chain biopolymer 
molecules may be decomposed into low molecular products. After this 
temperature, the weight loss slows down with further increasing temperature, 
and till 550 °C, the weight loss is ~2.49 wt. %. Excluding the water content, 
the mass fraction of organic phase in clam shell is slightly higher than the 
reported value in the literature (Fleischli et al., 2008). In our study, a small 
piece of clam shell fragment is studied by PFM after being treated at different 
temperatures. The changes of the effective piezoelectric constant of the 
innermost surface are plotted versus the temperatures in Fig. 7.7(b). After 
being heated at 102 °C for 72 hours, the piezoresponse increases substantially. 
The elimination of moisture at this stage reduces the effects from ionic motion 
or streaming potential and hence increases the detectable piezoresponse of the 
clam shell. However, when further increasing the temperature, the 
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piezoresponse is reduced significantly to a value which is lower than the 
original one. Weakening of the piezoresponse is probably due to the 
degradation of the biopolymer phase. However, this weakening process slows 
down at higher temperature. A weak piezoresponse still persists even at 
450 °C. It may be due to the intracrystalline biopolymers within the structures 
that are not fully decomposed at the high temperature. Therefore, the dramatic 
reduction of the piezoresponse should mainly due to the degradation of the 
biopolymers directly exposed on sample surface. This observations is very 
similar to that from abalone shell. On the other hand, the effects of moisture 
and the role of biopolymers on the ferroelectric behaviors of clam shell have 
already been presented in the previous chapter.  
 
7.2.3 Summary  
To summarize the effects of temperatures, it is found that the moisture 
has certain effects to screen out the piezoresponse from polarization. When 
moisture is eliminated, stronger piezoresponse is usually observed. If further 
increasing the temperature, the biopolymers are gradually decomposed, which 
leads to the reduction of the piezoresponse from the biopolymer. It further 
confirms the origin of piezoresponse in mollusk shell is biopolymers.  
Generally speaking, the EM coupling in a biological system may have 
several contributing factors; in addition to piezoelectric coupling, 
electrocapillary phenomena and ionic motion mechanisms can also contribute 
to EM coupling eﬀects. However, the latter two phenomena involve the 
existence of water molecules (Shahinpoor, 2003; Mirfakhrai, Madden and 
Baughman, 2007; Farinholt et al., 2008). Farinholt et al. (2008) has compared 
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the energy harvesting by piezoelectric and ionic conductive polymers, and it 
was found that the piezoelectric polymer, such as PVDF, was much better at 
energy harvesting, whereas ionic polymers favored to storing the energy 
produced. The current results on temperature eﬀects show that the mollusk 
shell still has piezoelectric eﬀects even after the water is removed from the 
structure, proving that the contribution of the water molecules does not 
signiﬁcantly aﬀect EM coupling.  Therefore, it is anticipated that the 
piezoelectric eﬀect is one of the main factors in the observed EM coupling 
phenomena, but, for the possibility of energy storage and release, ionic motion 
may play a role, and this will need further sophisticated studies.  
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CHAPTER 8 Bone Piezoelectricity, Self-healing of Mollusk 
Shell, and Future Perspectives 
 
The previous chapters have discussed the biopiezoelectric and 
bioferroelectric properties of mollusk shells in detail. This chapter firstly 
provides some preliminary results of piezoresponse of bone, followed by the 
damage healing phenomena observed from mollusk shell. Based on all of the 
findings from the entire research work, and from the related literatures, the 
implications and significances of the studies on biopiezoelectric and 
bioferroelectric behaviors of biological materials, from cell to tissue level, will 
be presented and discussed at the end of this chapter.  
 
8.1 Electromechanical Coupling Behaviors of Bone 
Similar to the mollusk shell, bone is another type of highly organized 
anisotropic hard tissue that serves as a reservoir for calcium and phosphate, a 
site for hematopoiesis and provides the structural support requited for 
movement (Isaacson and Bloebaum, 2010). Bone can be considered as a 
natural nanocomposite with a fibrous polymer framework and mineral 
nanoparticles (Peterlik et al., 2006). Bone is generally composed by 35% 
organic phase (over 90% is type I collagen) and 65% inorganic phase 
(primarily hydroxyapatite Ca5(PO4)3(OH)2, as well as three types of cells: 
osteocytes, osteoblasts and osteoclasts. Fig. 8.1 illustrates the 7-level 
hierarchical structures of bone, and the toughening mechanisms corresponds to 
each level of structure. This type of structure is critical for bone to provide 
mechanical support and movement flexibility.  
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Fig. 8.1 7-level of hierarchical structure of bone (left panel), and the 
associated deformation and toughening (fracture resistance) mechanisms of 
each level. Reproduced from Espinosa et al. (2009). 
 
On the other hand, bone has the intriguing ability of self-regeneration 
and self-remodeling. It can also alter its structure responsive to the external 
forces according to a well-established principle knows as “Wolff’s law”, 
explained as that when bone can be deposited and reinforced at areas of 
greatest stress (Frost, 2004). Therefore, astronauts returned from space have 
weaker bone, while weightlifters possess increased bone density (Ahn and 
Grodzinsky, 2009). But the critical question is how osteocytes (bone 
resorption cell) and osteoblasts (bone growth cell) sense the mechanical load. 
During these processes, piezoelectricity was proposed as one of the 
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indispensable factors (Isaacson and Bloebaum, 2010). It has been proven by 
clinical trials that electrical stimulation can facilitate bone healing (Griffin and 
Bayat, 2011). However, the details of healing mechanism is still not fully 
understood, especially that how the cells can sense the defects and move and 
proliferate proper amount to the right position. Naturally, piezoelectricity is 
considered as the potential trigger. Recently, the bone piezoelectricity has also 
been reported as a potential source of intense blast-induced electric fields in 
the brains, with magnitudes and timescales comparable to fields with known 
neurological effects (Lee et al., 2011). Therefore, more detail studies of the 
bone piezoelectricity is necessary in future. In this aspect, PFM is again an 
ideal tool to study this phenomenon in detail.  
To evaluate whether the method developed to study mollusk shell also 
can also be applied to study the bone piezoelectricity, the nanoscale 
piezoelectricity of mechanically polished swine femur was characterized by 
DART-PFM (Fig. 8.2). Under such observing scale, level 1-3 hierarchical 
structures can be clearly observed in the height image. The smallest feature 
identified from the height images is the mineral nanograins. On the other hand, 
due to the specific nature of PFM technique, both amplitude and phase images 
can be used to help identify the biopolymer phases, including collagen. There 
is no direct correspondence between height and amplitude images, thus the 
topographic crosstalk is minimized. Under the smaller scanning size, collagen 
fibrils can be identified more clearly. Similar to the case in the mollusk shell, 
the strong piezoresponse should be originated from the polymer contents, 
which is clearly shown as white contrast in Fig. 8.2(e). The size of 
tropocollagen is about 300 nm, which is consistent with the PFM amplitude 
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image (white contrast pointed by a dark arrow) [Fig. 8.2(e)]. The long-chain 
collagen fibrils cannot always be observed. It depends on the bone orientation 
and sample preparation conditions. Collagens also have correspondence PFM 
phase contrast. The maximum polarization orientation difference is over 100°. 
By knowing the crystallographic information of collagens, in-situ 3D mapping 
of piezoresponse and polarization of collagen molecules can be built from the 
PFM observation.  
 
 
Fig. 8.2 DART-PFM raw images of fresh swine femur (4 Vac). 1
st and 2nd 
column images are obtained from the longitudinal surface, while the 3rd 
column images are obtained from the lateral cut surface. 
 
The important role of bone is to provide support and protection. The 
piezoelectricity help bone structure to sense different loading force and trigger 
proper responses. But healthy bone and diseased bone may behave in different 
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ways in terms of piezoelectricity and elasticity. By examining the piezoelectric 
response of healthy and diseased bones under loading conditions, the role of 
piezoelectricity in bone remodeling may be clearly identified. Based on such 
observations, cures targeted to specific disease may be developed.   
 
8.2 Self-healing phenomenon observed from Mollusk Shell 
The damage healing of mollusk shells are mainly observed by optical 
microscopy. It is observed that the micro-morphologies of the defects and 
cracks generated by the microindentation change with time in various 
solutions. The key results and associated implications and limitations are 
presented in the following.  
Several solutions are used for healing studies of the mollusk shells, 
including (1) DI water, (2) 3.5% NaCl, (3) Supersaturated CaCO3, (4) 20mM 
CaCl2, and (5) 0.5 mM Polyacrylic Acid (PAA) + 20 mM CaCl2 (Kijima, Oaki 
and Imai, 2011). Defects were generated on the inner surface, outer surface 
and cross-sectional surface of the polished abalone shell by microindentation 
method as described in the Chapter 3. Besides of the indentation generated 
defects, the polishing processes may also induce other defects on the entire 
polished surface. Thus, the solutions caused shell surface morphology changes 
are not only near indentation, but also over the entire sample surface. One set 
of representative optical images of nacre surface is illustrated in Fig. 8.3. In 
the PAA + CaCl2 solution, the initial cross-shape of indentation impression 
gradually turned into circular shape and the size of impression was clearly 
increased in the lateral direction, which indicates the loss of materials. Cracks 
at the edges of “cross” were disappeared completely after 2 hours in the 
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solution. However, this change may be caused by the rapid dissolution of the 
micro-constituents in this solution.  
The big challenge to observe the sample morphology change is the 
artifacts from optical measurements. The appearance of image can be greatly 
affected by focusing depth. In addition, although FE-SEM can provide much 
clearer image, gold sputtering is necessary for insulating materials like 
mollusk shells as they are essentially insulating materials. But with the thin 
gold coating, the healing of shell is prohibited. Moreover, due to the 
viscoelastic property of nacre, even large indentation force may not generate 
obvious cracks under optical microscope. Thus, the studies were focused on 
the shape change of the large scale indentation impressions. 
 
 
Fig. 8.3 Change of impression on nacre surface with time in PAA + CaCl2 
solution. All of the optical images are observed under the same scale (1000X 
magnification), except the one of 42 hr (500X magnification). 
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Moreover, the calcite section (the first shield to external attack) in 
abalone shell was also studied in the same way. Figs. 8.4, 8.5 and 8.6 illustrate 
the changes of indentations with time in DI water, NaCl solution and CaCO3 
solution respectively. After polishing, calcite crystals with different orientation 
are exposed on the sample surface. Height difference between differently 
oriented crystals is gradually increased with time when samples are placed in 
the solutions. This difference is caused by more rapid growth or dissolution of 
one type crystals. Unlike that in PAA + CaCl2 solution, the lateral extent of 
impression is generally reduced in these three solutions, which may indicate 
the healing of defects. The morphology has more obvious changes when the 
samples are immersed in DI water and NaCl solution.  
 
 
Fig. 8.4 Morphology change of calcite surface in DI water observed by optical 
microscope. 
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Fig. 8.5 Morphology change of calcite surface in NaCl solution observed by 
optical microscope. The indentation cannot be relocated in 183hr due to the 
severe morphology change. 
 
 
Fig. 8.6 Morphology change of calcite surface in CaCO3 solution observed by 
optical microscope. 
 
On the other hand, the changes of crack length were also monitored on 
clam shell in three different solutions: DI water, NaCl solution, and CaCO3 
solution. Optical images were obtained in the same way. Crack lengths were 
measured using the in-built software with the optical microscopy. The change 
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of crack length is recorded continuously within 7 hours after indentation (Fig. 
8.7). Clam shell has more uniform structure and less biopolymer contents than 
those in the abalone shell. A lot of cracks can be generated near the 
indentation sites. Only two of the largest cracks were selected for 
measurement in order to have clearer optical image. Based on the graph, 
cracks healing rate is the fastest in NaCl Solution, and the slowest in the 
CaCO3 solution. The underlining mechanisms of mollusk shell behaviors in 
variety of solutions require more studies in future. Moreover, it is found that 
both dissolution and crystal growth may contribute to the morphology changes 
in various solutions.  
 
 
Fig. 8.7 Percentage change of crack length (ΔL/L) observed by optical 
microscope on the surface of clam shell. “0” indicates new crack; “1” 
indicates healed crack; “C” indicates crack.  
 
8.3 Significances and Implications 
The details of biopiezoelectric and bioferroelectric phenomena of the 
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results for the bone and the healing phenomena of mollusk shells are briefly 
reported in this chapter.  
In fact, not only hard tissue, soft tissue like heart muscles also exhibits 
EM coupling which may be critical for tissue functioning. Recently, the EM 
coupling of heart muscle has been studied and reported (Liu et al., 2012; Liu et 
al., 2013). However, there is still no explanation on the initiation and reason of 
such phenomena appeared in the soft tissues, and also how to relate these 
properties to the ordinary phenomena such as impaired contractility and 
arrhythmias in connection with heart failure (Stokke et al., 2012). 
Nevertheless, the biopiezoelectricity and bioferroelectricity again show their 
potential significances in biological systems.  
The research of biopiezoelectricity and bioferroelectricity of 
biomaterials were firstly started in the 1950s. In most cases, these biomaterials 
were studied in the same way as for the traditional non-biological piezoelectric 
or ferroelectric materials. However, the biomaterials responses are far more 
complex, and one simple biological response usually involves mechanisms 
which cannot be explained in one scientific discipline. Therefore, due to the 
limitations of the characterization facilities and relatively scarce relevant 
information, no great breakthrough has ever been reported. Since the 
development of SPM techniques, such as PFM, more attentions were paid on 
the studies of natural biomaterials in this area. This topic is again gradually 
progressed in the past few years. The entire realm is still at its infant stage. 
Currently, several groups have been making great efforts on the research of 
biopiezoelectricity and bioferroelectricity of biomaterials for future potential 
applications.  
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Generally speaking, the study of the biopiezoelectricity and 
bioferroelectricity is an essential step to fully understand the underlining 
mechanisms of many mechanical and physiological behaviors in biological 
systems, ranging from macromolecules to complex tissue. This thesis mainly 
contributes to this aspect, and it is the essential step to make subsequent 
progresses. Thorough understanding is the foundation of arbitrary 
manipulation. A further step from the characterization is to utilize the 
observed properties to develop practical applications based on the 
comprehensive understandings of how these mechanisms work. These 
applications can be evolved in two directions. One is the biomedical 
applications, for instance, newly designed treatments according to the intrinsic 
piezoelectric and ferroelectric properties of biological tissues. The other is to 
develop new generation of materials, or biomimetic in the perspective of 
piezoelectric and ferroelectric behaviors of biomaterials, for instance, self-
assembled flexible and environmental-friendly memory devices based on the 
ferroelectric properties in biomaterials. Therefore, the realm of 
biopiezoelectricity and bioferroelectricity phenomena have great potential and 
will blossom in the future.  
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CHAPTER 9 Conclusions and Recommendations 
 
Based on the results presented in the Chapters 4 to 8, overall 
conclusions of the entire research work can be made. Furthermore, the future 
works that may continue based upon the current research of the mollusk shells 
are also proposed in this chapter.  
 
9.1 General Conclusions 
The main objective of this thesis is to achieve basic understandings of 
the mechanisms and the importance of the biopiezoelectric and 
bioferroelectric properties in the mollusk shell. The thesis has presented the 
detail results on the nanoscale structural, mechanical and EM coupling 
behaviors of the mollusk shells (abalone and clam shell), in terms of 
piezoelectric and ferroelectric properties. The role of the EM coupling in 
mollusk shells and maybe other biological systems has been speculated and 
discussed. The key findings in this research work are summarized in the 
following.  
 
 Nanoscale Elasticity and Energy Loss Mappings of the Abalone Shell 
CR-FM technique provides the unique way to quantify the nanoscale 
elastic modulus and loss tangent of stiff and compliant materials. In this work, 
abalone shell has been characterized using this method. Both nacre and calcite 
show highly non-homogenous elasticity, elastic modulus continuously varied 
over the scanned surface. Under lower loading force, the elastic modulus near 
the sample surface is probed. Biopolymers can be easily identified as the low 
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stiffness regions in the images. Under higher loading force, stiffened 
nanograin boundaries can be observed. It may be due to the collective 
interactions of squeezed biopolymers and the surrounded nanograins, based on 
the characterization on the deproteinated abalone shell. In addition, the mean 
stiffness ranking in abalone shell is from the softest calcite-nacre transition 
region (CNTR) boundary to nacre and then to the stiffest calcite. The elastic 
modulus of nacre found by this method is similar to the values reported in the 
literature, but with great details of variations and distributions at the nanoscale 
that other methods cannot be achieved.  
  
 Biopiezoelectric Properties of Mollusk Shells 
In general, the piezoelectric property in the mollusk shells is originated 
from the biopolymer contents, including both interlamellar and intracrystalline 
biopolymers. However, some of the mineral nanograins also exhibit weak 
piezoresponse, and this may be due to the intercalated biopolymers inside the 
mineral crystals structure after biomineralization process. When part of the 
biopolymers is removed from the sample surface, piezoresponse of mollusk 
shells become weaker. The piezoresponse is also directional dependent so that 
different response is observed from different shell surfaces. The mean 
piezoelectric constant (dzz) varies with shell species and shell ages. Clam shell 
exhibits relatively small dzz, but it is still comparable to that of the x-cut 
quartz. The dzz value for grown abalone shell is much higher, which is similar 
to as-grown γ-glycine microcrystals. Furthermore, the area shown 
piezoresponse is usually larger than the expected size of biopolymers. No 
sharp domain boundary can be observed. The property transitions between the 
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mineral and biopolymer phase are gradual and affect wider area than their 
boundaries. Piezoelectricity is naturally for sensing and actuating purpose. The 
observed piezoelectricity in mollusk shell, bone, teeth, and many other soft 
biomaterials may be responsible for detecting the local mechanical, chemical, 
and other properties changes via the biological electric pulse, and may also 
offer proper response. However, the electric current flow and cell response 
mechanisms are still mysterious and require further research.  
 
 Bioferroelectric Properties of Mollusk Shells 
Saturated ferroelectric hysteresis loops have been observed on different 
species of mollusk shell in various orientations under a relatively low DC bias 
window. Such response are attributed to the interlamellar and intracrystalline 
biopolymers. The coercive biases of the mollusk shells are found less than 5 
Vdc, which makes it easier to switch the polarization. On the other hand, it is 
commonly to have non-symmetric hysteresis loops, with large imprint and 
vertical shift. These are usually believed to be due to the aligned and random 
internal fields. Biopolymers are complex long-chain molecules with local 
domains. Thus, the ferroelectric behavior may be originated from these 
permanent dipoles. When large DC electric field is applied, these dipoles may 
switch between the stable states and form the ferroelectric hysteresis loops. It 
is also found that the shapes of the loops observed from the mollusk shell are 
very similar to those of the synthetic polymers for energy storage applications, 
which are slim and tilted. Therefore, the biopolymers in the mollusk shell can 
store and release energy based on its ferroelectric property when external 
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mechanical stress is exerted. This may be another factor, which makes the 
biopolymers as an important reason for mollusk shell toughening.  
 
 External Stress Effects on the EM Coupling of Nacre 
Nacre is a type of nanocomposite material with viscoelastic properties. 
It is composed by nanograins embedded in biopolymer matrix. When nacre is 
subjected to tensile stress that parallels to the biopolymer layer, the whole 
section is stretched. In the cross-sectional surface, the biopolymer layers 
appear thinner, and the nanograins look smaller because they may sink into the 
intracrystalline biopolymer matrix. Conversely, when compressive stress is 
supplied, interlamellar biopolymer layers become wider and nanograins look 
larger as they may be pushed onto the surface. For both cases, the amount of 
biopolymers exposed on sample surface are increased, and this leads to the 
increase of the mean piezoresponse, especially under the tensile stress. In case 
of phase angle or polarization orientation, tensile stress causes the most 
significant changes, which is over 20°. When biopolymers are subjected to 
tensile stress, the local polymer dipoles can be rotated and realigned to a stable 
state and form a different piezoelectric domain. On the other hand, 
compressive stress does not have this effect, which may be due to the 
restrained space or more resistance for polymer domains to be squeezed.  
Furthermore, the ferroelectric hysteresis loops (piezoresponse vs. bias) 
of nacre under stress-free state is nearly symmetric about the origin. However, 
under stressed state, the loops are shifted along both piezoresponse and bias 
axes. This phenomena indicates that the local conformation of biopolymer 
molecules may be changed, which leads to aligned defects dipoles as well as 
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random electric field. Besides the shifts, PR loop also provides information of 
work of switching. The hysteresis loop observed from tensile-stressed nacre 
has the lowest work of switching, which suggests lower energy is required to 
complete the switching process. Lastly, the minimum deformation/amplitude 
achieved by nacre is constrained by the supplied stress compared to the stress-
free nacre.  
In general, nacre’s ability to switch the local polarizations between the 
stable states with or without applied stress may assist to relieve the imposed 
mechanical stress or energy to certain extent. When external stress is applied, 
local electric fields can be generated due to the piezoelectric properties of 
nacre. The induced electric fields can further switch the polarizations of the 
nacre within their range. Hence, the effective stress acting on the nacre 
structure can be reduced.  
 
 Role of Moisture and Biopolymers in Mollusk Shells 
For all of the biological systems, water is an essential element for their 
surviving. However, water molecules may become obstacle for piezoresponse 
characterization on biomaterials due to their polar nature which can screen out 
the detectable piezoresponse. For dried mollusk shells, it is observed that the 
piezoresponse is increased compared to that of the fresh shells. On the other 
hand, the piezoresponse is expected to be originated from the biopolymer 
contents in mollusk shells because of the complex macromolecular structure of 
the biopolymers. To verify this assumption, biopolymers have been removed 
either by chemical treatment or high temperature. Results show the overall 
piezoresponse is greatly reduced, which confirms the previous findings.  
                                                                                         Chapter 9 
 
 165  
 
 
 General conclusions on the Studies of EM Coupling in Biological 
Systems 
The EM coupling of mollusk shell has been studied in detail and 
reported in this thesis. In addition, our preliminary studies show that bone also 
exhibits strong piezoresponse, which should be originated from the collagen 
fibrils, and this may contribute to the healing process. We also show that the 
cracks or damages generated on the surface of mollusk shell can be healed or 
change their morphologies when immersed in different solutions. It reveals the 
potential of mollusk shell as a kind of self-healed material, similar to bone. 
Therefore, the EM coupling may contribute to the improved mechanical 
performance of mollusk shell and the similar calcified tissues. It may also play 
a role in the self-healing process of these tissues. According to literatures 
published in recent years, soft tissues also exhibit EM coupling behaviors, and 
these behaviors are necessary or responsible for various tissues functionalities. 
The EM coupling is now believed as one of the important reasons for proper 
functioning of biological systems, for instance, cell movements and 
proliferation, neuron signal transmission, and enzyme production.  
Generally speaking, the studies of EM coupling in biological systems 
can provide better understanding of the functional mechanisms of living 
organisms based on which new biomedical approaches can be developed. Also 
some of the organic polymers can be potential materials for flexible memory 
applications which can be more stable, cheaper, and environmental friendly. In 
recent years, many researches are focused in this area, and more efforts are 
required to make substantial progress.  
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9.2 Recommended Future Works 
 Modeling and Simulation 
One of the great challenges in studies of the roles of piezoelectric and 
ferroelectric properties in biological systems is to observe the direct evidence 
on how these properties affect the mechanical or physiological behaviors. 
Under some circumstances, it is impossible to achieve such goals by 
experiments. Thus, modeling and simulation are necessary to fully understand 
the role of biopiezoelectricity and bioferroelectricity on the mechanical and 
physiological behaviors in mollusk shells. For instance, by comparing the 
nanocomposite materials with normal polymer to those with piezoelectric 
polymer, the role of biopiezoelectricity to the mechanical issues may be 
revealed in certain extent. Combining the modeling and the experimental 
results, the speculations on the role of EM coupling in biological systems can 
be understand in more detail.  
 
 Systematic Studies on the Electromechanical Coupling of Bone and 
Teeth 
The healing of human hard tissue has always been a hot topic to be 
studied. It is widely accepted that piezoelectricity is an essential condition for 
bone regeneration and remodeling. However, in the past few decades, no break 
though results were ever reported. Most clinical proposals were also based on 
trial and error approach. SPM is a unique and powerful tool to study the 
piezoresponses of the biological systems from molecular to tissue levels. Both 
the piezoresponse and the electric potential on the nanoscale can be quantified 
                                                                                         Chapter 9 
 
 167  
 
in bone by this technique. On the other hand, the study of teeth by SPM may 
contribute to the fabrication of teeth implant with better performance. It is 
believed that this study has built the methodology of EM coupling 
characterizations of natural hard tissues, and this can facilitate the following 
studies on bone, teeth, and other hard tissues in biological systems. 
 
 New Generation of Synthetic Composites Inspired by Mollusk Shell 
Properties 
So far, most of the synthetic materials from biomimicry of mollusk 
shell are solely based on the structural consideration, such as the alternating 
layer structure of hard ceramic and ductile polymer. However, none of those 
attempts has considered the piezoelectric and ferroelectric properties of the 
mollusk shells. If replacing the conventional polymers with the piezoelectric 
polymer, for instance, PVDF-based polymers, the toughening performance of 
the synthetic materials may be further improved. In this aspect, the polymers 
with various piezoelectric properties can be incorporated and tested. It is worth 
more efforts in exploring this realm in the future.  
 
 Investigation of Self-healing Properties of Mollusk Shell 
Some of the preliminary results on self-healing of mollusk shell have 
been presented in the Chapter 8. In this work, mollusk shell, as a standalone 
natural material without living organism, can heal itself in specific solutions 
under ambient conditions. This is the unique properties of biological systems. 
The advantages of study healing properties of mollusk shell over other 
biomaterials are: (1) no physiological environment needs to be reconstructed, 
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(2) raw materials are readily available, (3) material handling and sample 
preparations are relatively simple. Therefore, the studies of self-healing 
properties of mollusk shell can be a good start, and may provide invaluable 
insight on the mechanisms of biological healing that can be further applied on 
smart synthetic materials or biomedical applications. 
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Appendix A – Glossary of Terms in Electromechanical 
Coupling 
Curie-Weiss law: It describes the magnetic susceptibility χ of a ferromagnet 




 , where C is Curie constant, Tc is Curie temperature. 
Dipole moment: A vector that defined by the product of the magnitude of 
charge and the distance of separation between the charges.  
Electromechanical coupling: Materials behaviors that generally involve 
conversions between electrical energy and mechanical energy.  
Electrostriction: A property of all dielectric materials that causes them to 
change their shape under the application of electric field. The resulting 
strain is proportional to the square of polarization.  
Ferroelectricity: A property of piezoelectric material that have a spontaneous 
electric polarization that can be reversed by the application of an 
external electric field.  
Ion channel: Pore-forming membrane proteins whose functions include 
establishing a resting membrane potential, shaping action potentials 
and other electrical signals by gating the flow of ions across the cell 
membrane, controlling the flow of ions across secretory and epithelial 
cells, and regulating cell volume. 
Paraelectricity: Ability of materials to become polarized under an applied 
electric field. Permanent dipole is not necessary. Removal of the fields 
results in the polarization in the material returning to zero (electric-
induced polarization). This behavior is caused by the distortion of 
individual ions (displacement of the electron cloud from the nucleus) 
and the polarization of molecules or combinations of ions or defects.  
Piezoelectricity: When a piece of piezoelectric material is mechanically 
deformed, it becomes electrically polarized. The magnitude of the 
polarization depends on the electric field present or induced in the 
materials. 
Polarization: A net vector sum of dipole moment in a polar material.  
Pyroelectricity: Ability of materials to generate a temporary voltage when 
they are heated or cooled. The positions of the atoms within the crystal 
structure can be modified by temperature, so that the polarization 
changes, which gives rise to a voltage across the crystal.  
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Appendix B - Complimentary PFM Images 
 
1. PFM images of partially decalcified nacre [surface (30×30 µm2) and cross-
section (5×5 µm2)]. Biopolymer matrix is clearly revealed in the amplitude 
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2. PFM images (20×20 µm2) of indented fresh vs. healed decalcified nacre 
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3. PFM images (15×15 µm2) of indented fresh vs. healed deproteinated cross-
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Appendix C – SS-PFM Mappings of Cross-Sectional Abalone 
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Appendix D – Stress Distribution in Cross-sectional Abalone 
Shell Observed by Finite Element method 
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